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1. INTRODUCTION 
A. Preamble 
With the growing demand for the electrical energy, the possibility 
of transmitting large blocks of this power at ultra high voltage (UHV-
lOOOkv and above) level is being investigated in major industrialized 
countries of the world. U.S.A;, Canada, U.S.S.R., Britain, France and 
Italy all have experimental experience with transmission at extra high 
voltage (EHV-500kv to lOOOkv) level of around 750kv. The majority of 
the problems associated with transmission lines operated at UHV level 
would appear to be solved and the justification for such lines is en­
visaged as a technological and economical probability within the next 
decade at any rate in North America and in the U.S.S.R. (1). 
Some of the problems associated with the UHV lines are due to the 
appearance of extremely high electric field near the conductor surface 
as well as on the ground. Due to the extremely high electric field, the 
radio interference and the audible noise generated may reach levels 
higher than the admissible. This problem is of great importance especial­
ly in the region where the UHV lines cross urban areas (2). 
UHV lines influence their surroundings remarkably by the induced 
electric field on the ground in the neighborhood of the lines. In spite 
of the great height of the lines, the values of the electric field in­
tensity might be two or three times higher frl.an that of the present 500kv 
lines. As a consequence of these electric fields, the induced current 
flowing through the bodies of people near a UHV line might produce un­
desirable effects (3). 
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Another important problem associated with UHV lines is the ap­
pearance of corona around the conductor surface (4-5). Corona is regarded 
as the partial breakdown of air surrounding the conductor. This is 
caused by the extremely high electric field which appears on the con­
ductor surface as well as in the region closely surrounded by the con­
ductor. The electric power used in ionizing the air surrounding the 
conductor is known as corona loss. The corona loss represents a loss of 
revenue and therefore it must be minimized for economical reasons. 
The standard way of reducing the corona loss, radio interference and 
audible noise is to use bundle conductors. A bundle conductor is a group 
of subconductors all of which operate in parallel to transmit electrical 
power. The bundle conductor reduces the intensity of electric field on 
the conductor surface as well as in the space surrounding the conductor. 
The bundles of eight and more subconductors have been proposed to avoid 
excessive radio interference and audible noise on UHV lines. This per­
formance can be improved further by using split-bundle conductors in which 
each subbundle is composed of several subconductors (6-7). 
Thus, the knowledge of accurate electric field distribution around 
conductors of high voltage transmission lines is required to predict the 
corona loss, radio interference and audible noise levels (8-10), This 
knowledge is of great help to the designers of EHV and UHV transmission 
lines. 
B. Statement of Problem 
The purpose of this dissertation is to compute the electric field 
distribution around bundle conductors used on practical high voltage 
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transmission lines. This dissertation describes the extension of the 
work done by Abou-Seada (11). 
Abou-Seada calculated the electric field and potential distribution 
around a twin-subconductor unipolar and bipolar line by using a charge 
simulation method. His work was complicated and required trial and error 
testing to achieve better accuracy of results. Moreover, his work was 
not applicable for the electric field computation around a bundle of more 
than two subconductors. 
In this dissertation, a method is described which is much simpler 
and gives better accuracy of the results than that obtained by Abou-Seada. 
Moreover, this method does not require trial and error testing and is ap­
plicable for a bundle of up to eight cylindrical subconductors. 
In this dissertation, the section on the electric field computation 
is divided into five parts. The first part describes a charge simulation 
method to compute accurately the electric field and potential distribution 
around high voltage direct current (HVDC) transmission line having smooth 
cylindrical bundle conductors. The second part describes a method to com­
pute accurately the electric field and potential distribution around split-
bundle cylindrical conductors proposed to be used on future UHV lines. The 
third part describes a computet program which plots very efficiently the 
equipotential and equigradient lines in the vicinity of bundle conductors 
used on high voltage transmission lines. The fourth part describes the 
application of the charge simulation method to compute the electric field 
and potential distribution around a stranded twin-subconductor bundle. The 
fifth part describes an analytical method to compute accurately the elec­
tric field and potential distribution around a stranded conductor 
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enclosed by a cylinder. The results obtained by the charge simulation 
method and the analytical method are compared to check, the accuracy of 
the charge simulation method which is comparatively much easier than the 
analytical method. 
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Jl. REVIEW OF LITERATURE 
A, Smooth Cylindrical Conductors 
The use of bundle conductors to transmit electric power was first 
suggested'by Thomas in 1909 (12-13). His purpose was to reduce inductance 
and increase capacitance so that greater power can be transmitted at a 
given permissible voltage drop. 
The calculation of electric field around bundle conductors was 
first attempted by Crary, reported by Clarke in the thirties (14). He 
assumed the electric field due to subconductors of other phases negligible 
and the field produced by other subconductors of the same phase uniform 
in the region of the subconductor under consideration. His formula for 
the maximum electric field on the conductor surface of the N-subconductors 
bundle was 
r ï 2 E ï 9 r 7 
Eml = [L ^ cos + [z_ 7^Sin 0^^]^ + d ( ^.1 
p=l Ip p=l ^ ^ 
where 
= maximum electric field on the surface of subconductor 1 
9 = line charge per unit length 
r, = the distance between subconductor 1 and subconductor p Ip 
in the same phase 
0^^ = the angle between a line joining the centers of subcon­
ductors 1 and p in the same phase and the horizontal line 
d = diameter of subconductor 1 
Crary's formula was found to give correct values of the maximum 
electric field only for a ratio of spacing to diameter of subconductors 
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equal to or greater than five. 
Using complex variables and the transformation techniques, Poritsky, 
reported by Clarke, developed formulas for computing the electric field, 
potential, and complex potential at any point for a twin-subconductor 
bundle (14). His formula for thé maximum electric field on the con­
ductor surface was 
/T 1 + 3tl'2_5t2'3 - 7t3'4 + 9t4.5 _ . 
^ rgys-+d * 1 - ti.2-t2.3 4- t3.4 + 2.2 
where 
q = line charge per unit length 
2s = spacing of subconductors 
d = diameter of each subconductor 
\^ +d + rs~ 
g = loge,G+3-_ fs- 2.3 
2.4 t = e"'^ 2g 
Poritsky's formula is not applicable for a bundle of more than two 
subconductors. Moreover, Poritsky neglected the effect of the ground. 
Adams calculated the electric field for a 3-phase ac transmission 
line considering only one conductor per phase (15). He represented the 
charge on each conductor by a single line charge at the center of the 
conductor. The effect of the ground was taken into consideration by 
placing an image of each line charge below the ground plane. He cal­
culated first the values of the line charges by solving simultaneous 
equations which relate the line charges with the potentials on the 
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conductors. These equations were 
Vi = Piiqi + 21292 + + ^IN^N 
V2 = P2iqi + ^22^2 + 
2.5 
= %iqi + %2'î2 "" + %N9N 
where 
N = number of conductors 
Vj^ = potential of conductor N to ground 
P = potential coefficient 
q^ = line charge per unit length on conductor N 
The values of the potential coefficient were obtained by 
1 Sjk' 
~ 2T?^  Sjk 
where 
h = height of conductor above ground 
60 = permittivity of free space 
r = radius of conductor 
Sjk = distance between conductors j and k 
Sj^ = distance between conductor j and the image of conductor k 
Since the values of the potential and the potential coefficients 
were known, the values of the line charges were calculated by solving 
equation 2.5. Once these values were obtained, the electric field at any 
desired point was obtained by superimposing the contributions due to the 
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individual line charges. 
Miller used the same method as proposed by Adams and developed 
formulas to calculate the maximum electric field on the conductor sur­
face for various geometries of smooth cylindrical conductors (lb). His 
formula for the maximum electric field on the surface of a 4-subconductor 
bundle arranged in a square form was 
2.8 
where 
B - C 
- AB - C2 2.9 
A - C 
^2 AB - C2 2.10 
2.11 
2.12 
2.13 
2.14 
2.15 
2.16 
2.17 
1^4 = 2 logg 2.18 
2.19 
where 
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2S = subconductor spacing 
d = diameter of subconductor 
h = height of subconductors above ground 
Based on the work done by Adams and Miller, Reichman calculated the 
values of the conductor voltage which produced electric field of 16.65 kv 
per cm. on the conductor surface for different geometrical parameters of 
bundle conductors used on ac transmission lines (17). The electric field 
16.65 kv per cm. was chosen following extensive literature surveys and 
field tests on the high voltage lines of Hydro-Electric Power Commission 
of Ontario. It was thought that lines operated at or below this gradient 
would not produce excessive radio noise in fair weather conditions. 
The results obtained by Adams, Miller and Reichman were not ac­
curate because of the fact that the equipotential surfaces resulting 
from the line charges (assumed to be at the centers of the subconductors) 
did not coincide with the subconductor surfaces. This meant that one of 
the boundary conditions which required that the subconductor surfaces be 
equipotential surfaces was not satisfied. This was the source of error 
in the results obtained by Adams, Miller and Reichman. 
King proposed a method of calculating the electric field near a 
bundle conductor by replacing the N subconductors of the bundle by N 
equivalent line charges of very small radius which was negligible in 
comparison with the spacing between the subconductors (18). These 
equivalent line charges were displaced from the centers of the sub-
conductors by such an amount that one set of equipotential points co­
incided with the points of the maximum and the minimum electric fields 
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at the subconductor surfaces. 
The displacement of the equivalent line charges from the centers of 
the subconductors was given by 
where 
d = diameter of subconductor 
D = diameter of bundle circle 
N = number of subconductors in a bundle 
King's method gave accurate values of the maximum electric field on 
the conductor surface but considerable deviation of the equipotential 
points from the corresponding points on the conductor surface occurred 
in the region between the maximum and the minimum electric fields. King 
neglected the effect of the ground. 
Sreenivasan gave formulas to plot the equipotential and the equi-
gradient lines in the vicinity of a bundle of two subconductors (19). He 
represented the actual charge on each subconductor by an axial line charge 
positioned at a small distance from the center of the subconductor. His 
formula for this small displacement was 
„ _ (r2/2S) 
* - 1 + (r/S) -(r2/2S2) 
where 
r = radius of subconductor 
2S = spacing of subconductors 
Sreenivasan assumed very small ratio of subconductor radius to sub-
conductor spacing and neglected the effect of the ground. Moreover, his 
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work was not applicable for a bundle of more than two subconductors. 
Timascheff proposed a method to plot equipotential and flux lines 
around a bundle of any nvsnber of subconductors by using the method of 
conformai mapping (20), Ke considered a single thin conductor of radius 
a at point (l,jO) in the complex W plane. This conductor was trans­
formed into Z plane by using a transformation 
ZN = W 2.22 
where N was the number of subconductors in the bundle. The transformed 
conductor in the Z plane was made to coincide with one of the subcon­
ductors of the bundle. Timascheffs formula to calculate the suitable 
value of a from the known values of the subconductor spacing 2S, the 
subconductor radius r and the number of subconductors N was 
I = sin(S. + g + g/l_:_a" 2.23 
In his analysis, Timascheff assumed very small ratio of the sub-
conductor radius to the subconductor spacing and neglected the effect of 
the ground. Moreover, his method failed to give any generalized solution 
to find the electric field at any point on the conductor surface or in 
the interelectrode space. 
Timascheff extended the application of his method to find the electric 
field at any point in the vicinity of bundle conductors and plot equi-
gradient lines (21). His formula to calculate the relative electric 
field at any point (x, y) was 
2.24 
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where a was obtained from the equation 2.23 and 
p = )zj" sinNP/sin0 
0 = tan-i[jZ|N sinNp/( |Z/^ cosNp - 1)] 2.2b 
2.25 
|Z( = Jx^ +y2 
P = tan"^(y/x) 2.28 
2.27 
In this work too, Timascheff assumed very small ratio of the sub-
conductor radius to the subconductor spacing and neglected the effect 
of the ground. 
Sarma and Janischewskyj used the method of successive images 
(22-25) to calculate the electrostatic field of a system of parallel 
cylindrical conductors. Their method was based on the concept of 
representing the distributed charge on the conductor's surface by a 
system of line charges inside the conductor's surface in such a way that 
one of the equipotential surfaces resulting from the line charges co­
incided with the conductor surface. The well known fact that the electric 
field of long line charge +q C/m placed parallel to a long conducting 
cylinder can be calculated by representing the induced charge on the 
cylinder's surface by a long line charge -q C/m placed at a distance a 
from the center of the cylinder, was used in their method. The dis­
placement CT was given by 
(J = r2/2S 2.29 
where 
r = radius of cylinder 
2S = distance between line charge +q C/m and the center of the 
cylinder 
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Using the above fact in the process of successive imaging, Sarma 
and Janischewskyj calculated the electric field around the bundle con­
ductors. The effect of the ground was taken into consideration by placing 
images of the line charges below the ground plane. In general, for N 
parallel conductors system, at the end of the first order imaging process, 
2N - 1 line charges were placed inside each conductor. At the end of the 
second order imaging process, there were (2N - 1)^ line charges inside 
each conductor. As the order of the imaging process became higher, the 
accuracy of the!results became better. At the end of the order 
imaging process, there were (2N - 1)^ number of line charges inside each 
conductor. The order of the imaging process required to attain any de­
sired degree of accuracy depended on r/2S ratio. If this ratio was 
smaller, the order of the imaging process was lower. 
The values of the electric field obtained by Sarma and Janischewskyj 
were accurate but for higher ratios of r/2S, the number of the line charges 
required to simulate the parallel conductors system became very large. 
This made their method complicated to use for the electric field computa­
tion for bundle conductor transmission line, 
Abou-Seada and Nasser used the method of charge simulation to calcu­
late the electric field and potential around a twin-subconductor bundle 
(20-27). In this method, the actual charge distribution on each sub-
conductor surface was represented by several fictitious line charges 
placed inside each subconductor. These line charges of unknown magni­
tudes were placed on a fictitious cylinder whose radius was half of 
the subconductor radius. The correct angular positions of these line 
14 
charges on the fictitious cylinder were determined by trial and error 
testing to achieve better accuracy of the results. 
The values of the potential (due to all the fictitious line charges 
and their images below the ground) at few selected points on the sub-
conductor surface were calculated and equated to one unit which was the 
assumed potential of each subconductor. The first, second and the fourth 
derivatives of these potentials with respect to the angular coordinate 
were calculated and equated to zero to obtain the subconductor surface as 
an equipotential surface. This process yielded a set of simultaneous 
equations in terms of the unknown line charges and when solved with the 
digital computer, gave the values of the fictitious line charges. Once 
the values of the line charges were known, potentials at many other points 
on the conductor surface were calculated to check if the subconductor 
surface resulted in an equipotential surface. If this was the case, then 
the values of the potential and the electric field at any desired point 
on the conductor surface or in interelectrode space were calculated by 
superimposing the contribution due to the individual line charges and 
their images. If this was not the case, then the angular positions of 
the line charges on the fictitious cylinder were changed until the sub-
conductor surface resulted in an equipotential surface. 
The results obtained by Abou-Seada and Nasser gave an error of 
about one percent in the values of the direction of electric field. 
Moreover, their method was complicated to use, required trial and error 
testing and was applicable only for the case of a twin-subconductor bundle, 
Thanassoulis and Comsa proposed a dipole method to calculate the 
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maximum electric field on the surface of an N-subconductor bundle (28, 
b). In this method, each charged subconductor of the bundle was repre­
sented by a line charge of q C/m placed at its center, plus N - 1 pairs 
of line charges of equal magnitude but of opposite sign. These line 
charges were separated by a small distance a so that they formed an 
electric dipole of moment P = q CT. Then the maximum electric field on 
the surface of the subconductor under consideration was calculated by 
taking the vector sum of all the electric fields due to the line charges 
and the dipoles. This method was also used to calculate the maximum 
electric field on the surface of a split-bundle conductor in which each 
subbundle was divided into several subconductors. 
The dipole method did not give accurate values of the maximum elec­
tric field because of many simplifying assumptions made in the theoretical 
analysis. In this method, the effect of the ground was neglected. In 
the case of the split-bundle conductor, the field produced by the sub-
conductors in other subbundles was assumed uniform in the region of the 
subbundle with the subconductor under consideration. Moreover, the sub-
conductors of the subbundle were assumed to be placed on the circum­
ference of a circle and the centers of the subbundles were assumed to 
lie on the circumference of a bigger circle. 
The dipole method failed to give the values of the electric field 
in the interelectrode space. These values are necessary for the the­
oretical analysis of dc corona losses on practical high voltage trans­
mission lines (29-30). 
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B. Stranded Conductors 
In all the researches described above, the bundle conductors were 
assumed to be perfectly smooth and cylindrical. Since the practical 
transmission lines consist of stranded bundle conductors, the problem of 
electric field computation for these conductors is of practical importance. 
Almost no attempt has been made to solve this problem because of the com­
plexity involved in the problem. 
The usual procedure to predict the maximum electric field on the 
surface of the stranded conductors is to use strand factors which are de­
termined experimentally. The strand factor is defined as the ratio of 
the electric field of a smooth cylindrical conductor to that of a 
stranded conductor of the same radius. Sinca the values of the electric 
field on the surface of the stranded conductor vary from the maximum 
at the tips to zero at the discontinuity points (where two strands inter­
sect each other), the values of the strand factor vary at different points 
on the conductor surface. Moreover, the values of the strand factor 
also depend on the number of strands in the stranded conductor. 
Only recently the problem of electric field computation around an 
isolated stranded conductor has been attempted by Andrews and Shrapnel 
(31). They calculated semi-analytically the distribution of electric 
field by solving Laplace's equation in the space surrounding the stranded 
conduc tor. 
The effect of ground was neglected in the above method and it was not 
applicable for bundle conductors as used in practical EHV transmission 
lines. Thus, the problem of electric field computation for practical trans­
mission lines having stranded bundle conductors yet remains to be solved. 
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III. COMPUTATION OF ELECTRIC FIELD AND POTENTIAL 
This section describes mainly the charge simulation method for com­
puting accurately the electric field and potential distribution around 
bundle conductors used on high voltage transmission lines. This section 
is divided into five parts. Part A describes the charge simulation 
method for computing the electric field and potential distribution around 
HVDC bipolar transmission lines. Part B describes the computation of 
electric field and potential distribution around split-bundle trans­
mission lines. Part C describes a computer program to plot equipotential 
and equigradient lines in the vicinity of HVDC bipolar and split-bundle 
transmission lines. Part D describes the application of the charge 
simulation method for computing the electric field and potential dis­
tribution around a stranded two-subconductor bundle. The last part E 
describes an analytical method for computing accurately the electrical 
field distribution around a stranded conductor enclosed by a cylinder. 
In this part, the results obtained by the charge simulation method are 
compared with those obtained by the analytical method to check the accuracy 
of the charge simulation method. 
A. HVDC Bipolar Transmission Lines 
1. General 
HVDC transmission lines are being increasingly used to transmit 
large blocks of power over long distances. This is attributed to the 
economical and electrical advantages it offers over conventional high 
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voltage ac transmission Unes (32-33). For transmission schemes en­
visaged within the next decade, HVDC application of the bipolar line 
would require voltages of the order of -t600 kv (34). The knowledge of 
the electric field and potential distribution around HVDC bipolar lines 
is essential to predict corona onset voltage, corona loss and the radio 
interference (30). 
2. Method of computation 
The method employed for computing the electric field and potential 
distribution around HVDC bipolar lines is known as charge simulation 
method. In this method, the actual charge distribution on the conductor 
surface is represented by several fictitious line charges inside the 
conductor surface and their images represent the effect of the ground. 
These unknown line charges can be placed at any desired position inside 
the conductor surface. To satisfy the boundary condition at the conduc­
tor surface, one of the equipotential surfaces resulting from the fic­
titious charges and their images mus.t coincide with the conductor surface. 
Potential at any point is given by the sum of the potentials due to 
the individual unknown fictitious line charges. Obtaining the potentials 
at various points on the conductor surface where the values of the poten­
tial are all equal and which are the same as the conductor potential, 
yields a number of simultaneous equations in terms of the unknown line 
charges. These equations, when solved with a digital computer, give 
the values of the line charges. Once the values of these charges are 
known, potentials at many other points on the conductor surface are 
computed to check if the conductor surface results in an equipotential 
î.9 
surface. If this is the case, then electric field and potential at any 
point on the conductor surface can be easily computed. 
3. Mathematical formulas of simulation 
The various configurations of the HVDC bipolar transmission line 
considered in this section are shown in Figures 3.1-3.3, Figure 3.1 
shows the bipolar line with four positive subconductors and four negative 
subconductors. Figure 3.2 shows the bipolar lines with two positive 
subconductors and two negative subconductors. Figure 3.3 shows a simple 
bipolar line with one positive and one negative conductor. Since the 
bipolar lines of Figures 3.2 and 3.3 are the special cases of the 
bipolar line of Figure 3.1, the mathematical formulation for only the 
more general case of Figure 3.1 is explained here. The bipolar lines of 
Figure 3.2 are obtained from the general case of Figure 3.1 by letting 
B = 0 [horizontal arrangement of Figure 3.2 (a)] or A = 0 [vertical ar­
rangement of Figure 3.2 (b)]. The simple bipolar line of Figure 3.3 is 
obtained from the general case of Figure 3.1 by letting A = 0 and B = 0 
simultaneously. 
As shown in Figure 3.4, the actual charge distribution on,the surface 
of the positive conductor is represented by axial line charges of unknown 
magnitudes Q(K), where K = 1,2,3, ,N. These charges are placed 
symmetrically on a coaxial cylinder of radius RQ inside each positive 
subconductor. The locations of these line charges are given by angles 
measured from the horizontal plane in counter clockwise direction. 
These angles are designated 
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NEG/^ TIVE CONDIJCTOR POSITIVE CONDUCTOR 
GROUND PLANE 
Figure 3.1. Bipolar line with four positive and four negative 
subconductors. 
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NEGATIVE CONDUCTOR POSITIVE CONDUCTOR 
GROUND PLANE 
(a) 
NEGATIVE CONDUCTOR POSITIVE CONDUCTOR 
E!?2 
GROUND PLANE 1 
—I— 
— ^  
(b) 
Figure 3.2. Bipolar line with two positive and two negative sub-
conductors. 
(a) horizontal arrangement 
(b) vertical arrangement 
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NEGATIVE CONDUCTOR POSITIVE CONDUCTOR 
GKXJND PLANE! 
Figure 3.3. Simple bipolar line with one positive and one 
negative subconductor. 
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NE&ATIVE CONDUCTOR POSITIVE CONDUCTOR 
Y-AXIS 
GROUND PLANE / X-AXIS 
IMAGE OF POSITIVE CONDUCTOR IMAGE OF NEGATIVE CONDUCTOR 
Figure 3.4. Charge representation of bipolar transmission line. 
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a(K) = (K-1)'(360/N.N), K = 1,2,3, ,NN 3.1 
where 
NN = N/4 3.2 
The X and Y coordinates of the axial line charges placed inside 
positive subconductors are given by 
XQ(Kl) = S + (A/2) + RQ.cos[a(Kl)3 3.3 
YQ(Kl) = H + (B/2) + RQ.sin[a(Kl)] 3.4 
where 
K1 = 1,2,3 ,NN 3.5 
and 
XQ(K2) = S - (A/2) + RQ.cos[a(Kl)] 3.6 
. YQ(K2) = YQ(Kl) 3.7 
where 
K1 = 1,2,3, ,NN 3.5 
K2 = K1 + NN 3.8 
and 
XQ(K3) = XQ(K2) 3.9 
YQ(K3) = H - (B/2) + RQ.sin[a(Kl)] 3.10 
where 
K1 = 1,2,3,. ,NN 3.5 
K2 = K1 + NN 3.8 
K3 = K1 + (2.NN) 3.11 
and 
XQ(K4) = XQ(Kl) 3.12 
YQ(K4) = YQ(K3) 3.13 
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where 
Kl = 1,2,3 ,NN 3.5 
K3 = Kl + (2.NN) 3.11 
K4 = Kl + (3.NN) 3.14 
The magnitudes and positions of the axial line charges inside the 
negative conductor are obtained by taking images (of the positive con­
ductor's charges) with respect to the Y-axis. Image charges of both 
the positive and the negative conductor charges are placed on the other 
side of the ground which is assumed to be of zero potential. 
The potential at any point on the conductor's surface must be 
equal to the assumed value of one unit. To satisfy this boundary con­
dition, points C(J), J = 1,2,3,....,N are chosen on the positive con­
ductor's surface and the potentials at these points are calculated and 
equated to one unit. The X and Y coordinates of the points C(J) are 
designated XC(J) and YC(J). These coordinates are given by Equations 
3.3-3.14 except the radius RQ is replaced by the subconductor radius R. 
The potential 0[C( J ) ]  at any point G(J) on the conductor surface is 
given by 
where is the permittivity of the free space, J = 1,2,3,...., N and 
the square of the distances Zl, Z2, 23, and Z4 are as shown in Figure 
3.4 and given by 
0[CU)] = ™ = 1.0 3.15 
Zl = XI.XI + Yi.Yl 3.16 
Z2 = XI.XI + Y2'Y2 3.17 
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Z3 = X2.X2 + Yl.Yl 3.18 
Z4 = X2'X2 + Y2'Y2 3.19 
where 
XI = XC(J) - XQ(K) 3.20 
X2 = XC(J) + XQ(K) 3.21 
Y1 = YC(J) - YQ(K) 3.22 
Y2 = YC(J) + YQ(K) 3.23 
where 
J = 1y 2,3}.....,N 
K = 1,2,3, ,N 
Equation 3.15 represents a set of simultaneous equations which can be 
solved with a digital computer to obtain the values of the axial line 
charges Q(K). Once the values of the line charges are known, potential 
and electric field at any desired point on the conductor surface or in 
the outside space can be easily computed. The Equations necessary to 
compute the potential and the electric field in X and Y direction at 
any point (x,y) are given by 
0(x,y) = 2^  ^2% * (zi'zl) 3.24 
K=1 o 
where Equations 3.16-3.23 can be used with XC(J) and YC(J) replaced by 
X and y respectively. 
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4. Programming 
A computer program is written for computing the electric field and 
potential distribution for the dc bipolar line shown in Figure 3.4. The 
computer program is written in FORTRAN IV language for the IBM 360 
computer available at the computation center, Iowa State University. 
Double precision arithmetic is used throughout the main program and the 
subroutine. The simultaneous equations 3.15 representing the boundary-
conditions are solved using a subroutine which operates on the method 
of Gauss elimination with complete pivotting. 
The main computational steps are illustrated in the flow chart of 
Figure 3.5. The radius RQ of the fictitious cylinder on which the line 
charges are placed is taken as 0.5 R. The total number of the axial line 
charges N is taken as 60. These values of RQ and N give accurate results. 
The solution of the simultaneous equations 3.15 gives the values of the 
unknown line charges. These are used in computing the potential and the 
field anywhere on the conductor's surface and in the outside space. The 
computer program is given in Appendix A. 
5. Results 
Results are obtained for the bipolar line with four positive sub-
conductors and four negative subconductors. The following values of 
the geometrical parameters are chosen to illustrate the results: 
subconductor radius =2.0 cm. 
conductor height = 1500 cm. 
subconductor separation = 50 cm, 
conductor separation = 1000 cm. 
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Figure 3,5. Main flow chart. 
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The values of the line charges obtained by solving the simultaneous 
equations 3.15 are shown in Table 3.1. Since the conductor potential is as­
sumed to be of one unit, the value of capacitance between the positive con­
ductor and the ground is obtained simply by summing the values of all 
the line charges shown in Table 3.1 and multiplying the sum by ITr^ o. 
The value of the capacitance for the case considered is 0.15205 x 10"^ ® 
Farad/meter. 
Using the values of the line charges shown in Table 3.1, potential 
and electric field at 120 points on each positive subconductor are com­
puted. The values of the potential at these points are found to be one 
unit and the directions of the electric field are found to be perpen­
dicular to the conductor surface. This means that the boundary condi­
tions are satisfied very well. For the purpose of simplicity, the values 
of the potential and the electric field at only 8 points on each su b-
conductor are shown in Figure 3.6 with Table 3.2. 
As seen from Table 3.2, the values of the electric potential on the 
conductor surface are one unit and the directions of the electric field 
are perpendicular to the conductor surface. The highest electric field 
intensity on the conductor's surface appears at point 6 of SW subcon­
ductor. This value is 0.041081 (volt/cm) per volt. While calculating 
the values of the electric field at many points on the conductor's sur­
face, it was found that the actual location of the maximum electric 
field was at few degrees above point 6 of SW subconductor, although the 
difference in magnitudes of the field at these points was very small. 
The actual location of the maximum electric field is affected by the 
geometrical parameters of the bipolar line. 
30 
Table 3.1. Values of line charges obtained by solving the simultaneous 
Equations 3.15 -- [(Coulomb/m/volt) ]/2Te^  
Q(l) 0.005425 Q(21) 0.006180 Q(41) 0.006194 
Q(2) 0.005750 A(22) 0.006245 Q(42) 0.005884 
Q(3) 0.005861 Q(23) 0.006055 Q(43) 0.005367 
Q(4) 0.005745 Q(24) 0.005628 Q(44) 0.004718 
Q(5) 0.005411 Q(25) 0.005023 Q(45) 0.004046 
Q(6) 0.004901 Q(26) 0.004338 Q(46) 0.005435 
Q(7) 0.004293 Q(27) 0.003703 Q(47) 0.004934 
Q(8) 0.003697 Q(28) 0.003240 Q(48) 0.004333 
Q(9) 0.003231 Q(29) 0.003033 Q(49) 0.003737 
Q(10) 0.002983 Q(30) 0.003114 Q(50) 0.003261 
Q(li) 0.002993 Q(31) 0.003477 Q(51) 0.002995 
Q(12) 0.003260 Q(32) 0.003118 Q(52) 0.002986 
Q(13) 0.003736 Q(33) 0.003035 Q(53) 0.003237 
Q(14) 0.004330 Q(34) 0.003241 Q(54) 0.003707 
Q(15) 0.004927 Q(35) 0.003704 Q(55) 0.004305 
Q(16) 0.003469 Q(36) 0.004340 Q(56) 0.004917 
Q(17) 0.004035 Q(37) 0.005027 Q(57) 0.005428 
Q(18) 0.004705 Q(38) 0.005635 Q(58) 0.005762 
Q(19) 0.005352 Q(39) 0.006064 Q(59) 0.005877 
Q(20) 0.005868 Q(40) 0.006258 Q(60) 0.005763 
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Figure 3,6. Configuration for bipolar line. 
R=2 cm, H=1500 cm, A=50 cm, B=50 cm, S=500 cm. 
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Table 3.2. Distribution of potential and electric field on positive 
conductor's surface (Potential was "1.000000" on all 
entries) 
Positive Electric 
subconductor Point field in 
number number x-direction 
Electric Electric Angle of 
field in field electric 
y-direction magnitude field 
NE 
NW 
SW 
SE 
1 0.036977 0.000000 0.036977 0.000289 
2 0.027349 0.027349 0.038677 44.998532 
3 0.000001 0.037299 0.037299 89.997938 
4 -0.023722 -0.023723 0.033549 134.998991 
5 -0.029558 0.000000 0.029558 -179.999741 
6 -0.019627 -0.019628 0.027758 
-134.999199 
7 0.000001 -0.029251 0.029251 
-89.998649 
8 0.023409 -0.023407 0.033104 
-44.998470 
1 0.030513 0.000000 0.030513 0.000411 
2 0.024585 0.024584 0.034768 44.999145 
3 0.000001 0.039081 0.039081 89.998007 
4 -0.028991 0.028993 0.041001 134.998493 
5 .0.039488 -0.000000 0.039488 
-179.999850 
6 -0.024978 -0.024979 0.035325 
-134.998535 
7 0.000001 -0.030893 0.030893 
-89.998729 
8 0.020424 -0.020423 0.028883 
-44.999252 
1 0.030571 -0.000000 0.030571 
-0.000413 
2 0.020452 0.020452 0.028923 44.999179 
3 0.000001 0.030926 0.030926 89.998658 
4 -0.025007 0.025009 0.035367 134.998464 
5 -0.039548 0.000000 0.039548 179.999776 
6 -0.029048 -0.029049 0.041081 
-134.998565 
7 0.000001 -0.039169 0.039169 
-89.998077 
8 0.024641 -0.024640 0.034847 
-44.999216 
1 0.037048 -0.000000 0.037048 
-0.000292 
2 0.023443 0.023441 0.033152 44.998398 
3 0.000001 0.029288 0.029288 89.998579 
4 -0.019658 0.019659 0.027801 134.999127 
5 -0.029620 0.000000 0.029620 179.999667 
6 -0.023783 -0.023784 0.033635 
-134.999063 
7 0.000001 -0.037397 0.037397 
-89.998009 
8 0.027414 -0.027413 0.038768 
-44.998604 
33 
Table 3,2 illustrates the wide variation, of the electric field on 
the conductor's surface. For the results shown in Table 3.2, the ratio 
of the minimum to the maximum electric field on the surface of each sub-
conductor is approximately equal to 0.71. 
The potential and the electric field distribution for the bipolar 
line of two subconductors arranged horizontally [Figure 3.2(a)] is obtained 
by letting B = 0 in the computer program written for the bipolar line of 
four subconductors. The values of the electric field and the potential 
at eight points on each subconductor are shown in Figure 3.7 with Table 3.3. 
As seen from Table 3.3, the values of the electric potential on the 
conductor surface are one unit and the directions of the electric field 
are perpendicular to the conductor surface. This indicates that the 
boundary conditions are well satisfied. The highest electric field in­
tensity on the conductor's surface appears at point 5 of W subconductor. 
This value is 0.060270 (volt/cm) per volt. For the geometrical parameters 
of Figure 3.7, the ratio of the minimum to the maximum electric field on 
the surface of E subconductor is 0,049920/0.058064 = 0.86. This ratio for 
W subconductor is 0.050791/0.060270 = 0.845. 
The actual location of the maximum electric field is near point 5 
but its magnitude is only slightly greater than that at point 5. The maxi­
mum electric field for this case is about 46.8 percent higher than the 
corresponding value for the four subconductor bipolar line. 
The potential and the electric field distribution for the bipolar 
line of two subconductors arranged vertically [Figure 3.2(b)] is obtained 
by letting A = 0 in the computer program written for the bipolar line of 
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Figure 3.7. Configuration for twin-bundle dc bipolar line (horizontal 
arrangement) R = 2,0 cm, H = 1500 cm, A = 50 cm, S = 500 cm. 
Table 3,3. Distribution of potential and electric field on positive 
conductor's surface (The potential was "1.000000" on all 
entries) 
Positive 
subconductor Point 
Electric 
field in 
Electric 
field in 
Electric 
field 
Angle of 
electric 
iber number x-direction y-direction magnitude field 
E 1 0.058064 -0.000000 0.058064 -0.000001 
If 2 0.040326 0.040324 0.057027 44.998595 
If 3 0.000002 0.054330 0.054330 89.998190 
It 4 -0.036266 0.036268 0.051289 134.998976 
It 5 -0.049920 0.000000 0.049920 179.999999 
It 6 -0.036282 -0.036282 0.051311 -134.999048 
II 7 0.000002 -0.054360 0.054360 -89.998260 
ft 8 0.040341 -0.040339 0.057049 -44.998668 
w 1 0.050791 -0.000000 0.050791 -0.000001 
It 2 0.037019 0.037018 0.052352 •44.999058 
It 3 0.000002 0.055861 0.055861 89,998237 
II 4 -0.041743 0.041745 0.059035 134.998592 
II 5 -0.060270 0.000000 0.060270 179.999999 
It 6 -0.041757 -0.041759 0.059054 -134.998664 
II 7 0.000002 -0.055889 0.055889 -89.998308 
If 8 0.037033 -0.037032 0.052372 -44.999130 
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four subconductors. The values of the electric field and the potential 
at eight points on each subconductor of the positive subconductor are 
shown in Figure 3.8 with Table 3.4, 
As seen from Table 3.4, the values of the electric potential on the 
conductor surface are one unit and the directions of the electric field 
are perpendicular to the conductor surface. This indicates that the bound­
ary conditions are well satisfied. The highest electric field intensity 
on the conductor surface appears at point 7 of S subconductor. This value 
is 0.059165 volt/cm per volt. For the geometrical parameters of Figure 3.8, 
the ratio of the minimum to the maximum electric field on the surface of 
N subconductor is 0.050342/0.059083 = 0.85. This ratio for S subconductor 
is 0.050374/0.059165 = 0.85. 
The actual location of the maximum electric field is near point 7 of 
S subconductor although its magnitude is only slightly greater than at 
point 7. The maximum electric field for this case is about 44 percent 
higher than the corresponding value for the four subconductor bipolar line. 
The potential and the electric field distribution for the simple bipo­
lar line with one positive conductor and one negative conductor (Figure 
3.3) is obtained by letting A = 0 and B = 0 in the computer program written 
for the general case with few changes. The values of the electric field 
and potential at eight points on the positive conductor are shown in 
Figure 3.9 with Table 3.5. 
As seen from Table 3.5, the boundary conditions on the conductor sur­
face are well satisfied. The highest electric field intensity appears 
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Figure 3.8. Configuration for twin-bundle dc bipolar line (vertical 
arrangement). R = 2.0 cm, H = 1500 cm, B = 50 cm, S = 500 cm. 
Table 3.4. Distribution of potential and electric field on positive con­
ductor's surface (The potential was "1.000000" on all entries) 
Positive Electric Electric Electric Angle of 
subconductor Point field in field in field electric 
number number x-direction y-direction magnitude field 
N 1 0.054672 0.000000 0.054672 0.000225 
!1 2 0.040795 0.040793 0.056792 44.998771 
II 3 0.000002 0.059083 0.059083 89.998715 
It 4 -0.041186 0.041188 0.058247 134.998715 
tl 5 -0.055458 -0.000000 0.055458 -179.999895 
II 6 -0.036830 -0.036832 0.052087 -134.998805 
II 7 0.000001 -0.050342 0.050342 -89.998608 
II 8 0.036438 -0.036437 0.051531 -44.998790 
1 0.054730 -0.000000 0.054730 0.000227 
II 2 0.036467 0.036465 0.051571 44.998718 
II 3 0.000001 0.050374 0.050374 89.998537 
II 4 -0.036857 0.036859 0.052126 134.998733 
II 5 -0.055513 0.000000 0.055513 179.999822 
II 6 -0.041238 -0.041240 0.058321 -134.998787 
II 7 0.000002 -0.059165 0.059165 -89.998164 
II 8 0.040848 -0.040847 0.057767 -44.998843 
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at point 5 of the positive conductor. This value is 0.081434 volt/cm per 
volt and it is about 98 percent higher than the corresponding value for 
the bipolar line of four subconductors, about 37,7 percent higher than the 
corresponding value for the bipolar line of two subconductors of Figure 3.8 
and about 35 percent higher than the corresponding value for the bipolar 
line of two subconductors of Figure 3.7. 
The knowledge of the maximum electric field occurring at the con­
ductor surface and the value of capacitance is important in the design of 
high voltage transmission lines. The advantage of using the charge 
simulation method is that the capacitance of a conductor is obtained simply 
by summing the values of all the fictitious line charges obtained by 
solving the simultaneous Equations 3.15. 
Figures 3.10-3.13 illustrate the effect of geometrical parameters on 
the maximum electric field and the capacitance for the different configura­
tions of the dc bipolar lines. 
Figure 3.10 illustrates the variation of the maximum electric field 
and the capacitance with subconductor radius. As the radius increases, 
the electric field decreases but the capacitance increases. Moreover, by 
increasing the number of subconductors, the electric field is reduced but 
the capacitance is increased. 
Figure 3.11 illustrates the variation of the maximum electric field 
and the capacitance with conductor height. It can be seen that the effect 
of the conductor height on the maximum electric field and the capacitance 
is negligible. The difference in the value of the maximum electric field 
for two different heights of 10 m and 20 m is about 2 percent. 
negative conductor positive conductor 
ground plane 
Figure 3.9. Configuration for simple dc bipolar line. R = 2.0 cm, 
H = 1300 cm, S = 500 cm. 
Table 3.5. Distribution of potential and electric field on positive 
conductor's surface 
Electric Electric Electric Angle of 
Point field in field in field electric 
number Potential x-direction y-direction magnitude field 
1 1.000000 0.080854 -0.000000 0.080854 -0.000001 
2 1.000000 0.057228 0.057226 0.080931 44.998774 
3 1.000000 0.000002 0.081132 0.081132 89.998755 
4 0.999999 -0.057515 0.057518 0.081341 134.998755 
5 0.999999 -0.081434 0.000000 0.081434 180.000000 
6 0.999999 -0.057526 -0.057528 0.081356 
-134.998827 
7 1.000000 0.000002 -0.081154 0.081154 -89.998324 
8 1.000000 0.057 239 -0.057237 0.080946 -44.998846 
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Figure 3.12 illustrates the variation of the maximum electric field 
and the capacitance with conductor separation. As the conductor separation 
increases, the maximum electric field and the capacitance decreases. 
Figure 3.13 illustrates the variation of the maximum electric field 
and the capacitance with subconductor separation. As the subconductor 
separation increases, the maximum electric field increases slightly but 
the capacitance increases appreciably. 
Figures 3.10-3.13 illustrate that the values of the electric field 
for the bipolar line of two subconductors arranged vertically are about 
1.87 percent less than those for the line with the subconductors ar­
ranged horizontally although the values of the capacitance remain the 
same for the two cases. 
6. Conclusions 
(1) The computer program written for computing the electric field 
and potential distribution for HVDC bipolar lines is simple and gives 
very accurate results. 
(2) Accurate values of capacitance are obtained simply by summing the 
values of all the line charges which represent the actual charge distribu­
tion on the conductor surface. 
(3) The effect of the ground plane which should not be neglected is 
included in the program. 
(4) Although the cases of three, five and more number of subconductors 
in a bundle are not discussed in this section, the electric field and 
potential distribution for such cases can be obtained easily by the same 
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computer program with few changes. 
(5) The computer program written can also be used for the computation 
of electric field for an unipolar split-bundle dc line. The results ob­
tained for these lines are discussed in the following section. 
B. Split-Bundle Transmission Lines 
lo General 
With the growing demand for electric energy, the possibility of 
transmitting large blocks of this power at ultra high voltage (UHV) level 
is the most economical^  Some of the problems associated with the UHV 
lines are due to the corona loss and radio interference. In the early 
days of the high voltage transmission, the corona had to be avoided be­
cause of the energy loss associated with it„ Currently, however, the 
radio interference aspect of the corona has become more important. 
The standard way of reducing the corona is by using bundle conduc­
tors o The bundle conductors reduce the intensity of the electric field 
on the conductor surface as well as in the region surrounding the con­
ductor, The high electric field is responsible for the appearance of the 
corona and the radio interference The corona performance can be im­
proved by using split-bundle conductor in which each subbundle is com­
posed of several subconductors* 
A recent paper described a method known as the "dipole method" to 
calculate the maximum electric field on the surface of the split-bundled 
conductor (6, 28). The limitations of this method are: 
(1) In the theoretical studies of the corona losses, it is essential 
to know the exact distribution of the electric field and potential every­
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where on the conductor surface as well as in the interelectrode space. 
This is not possible with the dipole method^  
(2) The effect of the ground should not be neglected as has been 
done in the theoretical analysis of the dipole method^  The height of 
the conductor above the ground plays an important role in determining the 
values of the electric field* This is described in detail in a later 
section, 
(3) The electric field produced by the subconductors in other sub-
bundles can not be considered xjniform (as has been assumed) in the region 
of the subbundle with the subconductor under consideration* 
In this section, a method is described for computing accurately the 
electric field and potential at any desired point for the split-bundle 
conductor without the above limitations* 
2o Method of computation 
The method of computation is known as the charge simulation method 
which has been described in a previous section* 
3* Mathematical formulation 
The various configurations of the split-bundle transmission line con­
sidered in this section are shown in Figures 3.14-3.16, Figure 3.14 
shows the split-twin-bundle line with four subconductors in bundle I and 
four subconductors in bundle II, Figure 3.15 shows the split-twin-bundle 
line with two subconductors in each subbundle. Figure 3.16 shows a simple 
twin-bundle line. Since the transmission lines of Figures 3.15 and 3.16 
are the special cases of the line of Figure 3.14, the mathematical 
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BUNDLE II BUNDLE I 
- + - -  + -
B/2 
GROUND PLANE 
Figure 3.14, Split-twin-bundle line with four subconductors in 
each subbundle. 
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(a) 
sub bundle ii 
ground plane 
- s 
sub bundle i 
Figure 3.15. 
(b) 
Split-twin-bundle line with two subconductors in each 
subbundle. 
(a) horizontal arrangement 
(b) vertical arrangement 
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SUBCONDUCTOR II SUBCONDUCTOR I 
GROUND PLANE 
Figure 3.16. Simple twin-bundle line. 
49 
formulation for only the more general case of Figure 3.14 is explained 
here. The lines of Figure 3,15 are obtained from the general case of 
Figure 3.14 by letting B = 0 [horizontal arrangement of Figure 3.15(a)] 
or A = 0 [vertical arrangement of Figure 3.15(b)]. The simple twin-
bundle line of Figure 3.16 is obtained from the general case of Figure 
3.14 by letting A = 0 and B = 0 simultaneously. 
As shown in Figure 3.17, the actual charge distribution on the sur­
face of the subconductors of bundle I is represented by axial line charges 
of unknown magnitudes Q(K), where K = 1,2,3, ,N. These line charges 
are placed symmetrically on a coaxial cylinder of radius RQ inside each 
subconductor. The locations of these line charges are given by the 
angles measured from the horizontal plane in counter clockwise direction. 
These angles are designated 
a(Kl) = (K1 - l)o(360/NN), K1 = 1,2,3,3.27 
where 
NN = N/4 3.28 
The X and Y coordinates of the axial line charges, Q(K), placed 
inside each subconductor of subbundle I are given by 
XQ(Kl) = S + (A/2) + RQ»cos[a(Kl)] 3.29 
YQ(Kl) = H + (B/2) + RQ»sin[a(Kl)] 3.30 
where 
K1 = 1,2,3,......NN 3.31 
and 
XQ(K2) = S - (A/2) + RQ«cos[a(Kl)] 3.32 
YQ(K2) = YQ(Kl) 3.33 
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SUB BUNDLE II SUB BUNDLE I 
GROUND PLANE 
IMAGE OF SUB BUNDLE I IMAGE OF SUB BUNDLE II 
Figure 3,17. Charge representation for the split-bundle 
transmission line with four subconductors 
in each subbundle. 
51 
where 
Kl = 1,2,3,......NN 3.31 
K2 = Kl + NN 3,34 
and 
XQ(K3) = XQ(K2) 3.35 
YQ(K3) = H - (B/2) + RQosin[a(Kl)] 3.36 
where 
K1 = l,2,3,woooo;NN 3.31 
K2 = K1 + NN 3.34 
K3 = K1 + (2.NN) 3.37 
and 
XQ(K4) = XQ(Kl) 3.38 
YQ(K4) = YQ(K3) 3.39 
where 
K1 = 1,2,3,.....,NN 3.31 
K3 = K1 + (2oNN) 3.37 
K4 = K1 + (3oNN) 3.40 
The magnitudes and positions of the axial line charges placed in­
side the subconductors of subbundle II are equal and symmetric to those 
of subbundle I about the Y axis. Image charges of all these line charges 
(inside subconductors of subbundle I and II) are placed on the other 
side of the ground plane which is assumed to be of zero potential„ 
The potential at any point on the conductor's surface must be 
equal to one unit which is the assumed conductor potential with respect 
to the ground. To satisfy this boundary condition, points C(J), 
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J = l,2,3,,ooo,,N are chosen on the surface of subconductors of sub-
bundle I and the potential at these points are calculated and equated to 
one unit. The X and Y coordinates of these points are designated XC(J) 
and YC(J), These coordinates are given by Equations 3*29-3*40 except 
the radius RQ is replaced by the subconductor radius R, 
The potential 0[C(J)] at any point C(J) on the conductor surface is 
given by 
where J = 1,2,3, ,N and distances square 21, Z2, Z3, and Z4 are as 
shown in Figure 3.17 and are given by 
Z1 = XI.XI + Yl'Yl 3.42 
Z2 = XI.XI + Y2.Y2 3.43 
Z3 = X2.X2 4- Yl'Yl 3.44 
Z4 = X2.X2 + Y2.Y2 3.45 
where 
XI = XC(J) - XQ(K) 3.46 
X2 = XC(J) + XQ(K) 3.47 
Y1 = YC(J) - YQ(K) 3.48 
Y2 = YC(J) + YQ(K) 3.49 
where 
J ~ 1*2,3,....«,N 
K = 1,2,3 ,N 
Equation 3.41 represents a set of simultaneous equations which can 
be solved with a digital computer to obtain the values of the axial line 
'ji 
charges Q(K), Once the values of these line charges are known, the poten­
tial and the electric field at any point on the conductor surface or in 
the outside space can be easily computed. The equations necessary to 
compute the potential and electric field in X and Y direction at any 
point (x,y) are given by 
0<x ,y )  =  
K=l  ^
where Equations 3.42-3.49 are used with XC(J) and YC(J) replaced by x and 
y respectively. 
4. Programming 
A computer program is written for computing the electric field and 
potential distribution for the split-bundle line shown in Figure 3.14. The 
computer program is written in FORTRAN IV language for the IBM 360 
computer available at the Computation Center, Iowa State University. 
Double precision arithmetic is used throughout the main program and the 
subroutine. The simultaneous equations 3.41 representing the boundary 
conditions are solved using a subroutine which operates on the method of 
Gauss elimination with complete pivotting. 
The main computational steps are the same as shown in Figure 3.5. 
The radius RQ of the fictitious cylinder on which the line charges are 
placed is taken as 0.5 R. The total number of the axial line charges N 
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is taken as 60. The solution of the simultaneous equations 3.41 gives 
the value of the unknown line charges. These are used in computing the 
potential and the field anywhere on the conductor's surface and in the 
outside space. The computer program is given in Appendix B. 
5. Results 
Results are obtained for the split-twin-bundle line with four sub-
conductors in each subbundle. The following values of the geometrical 
parameters are chosen to illustrate the results ; 
subconductor radius = 2.0 cm. 
conductor height = 2000 cm. 
subconductor separation = 24 cm. 
subbundle separation = 60 cm. 
The values of the line charges obtained by solving the simultaneous 
Equations 3.41 are shown in Table 3.6. Since the conductor potential is 
assumed to be of one unit, the value of capacitance between the subbundle 
and the ground is obtained simply by summing the values of all the line 
charges shown in Table 3.6 and multiplying the sum by ITTGr^ , The value of 
the capacitance for the case considered is 0.56846 x 10"^  ^Farad /meter. 
Using the values of the line charges shown in Table 3.6, potential 
and electric field at 120 points on each subconductor of subbundle I are 
computed. The values of the potential at these points are found to be one 
unit and the directions of the electric field are found to be perpen­
dicular to the conductor surface. This means that the boundary conditions 
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Tfil'le i.b. Values of 
equations 
line charges obtained by 
[(Coulomb/ tn /volt)/27r6g ] 
solving the simultaneous 
Q(l) 0.003467 Q(21) 0.002146 Q(41) 0.002207 
Q(2) 0.003707 Q(22) 0.001801 Q(42) 0.002392 
Q(3) 0.003698 Q(23) 0.001393 Q(43) 0.002337 
Q(4) 0.003452 Q(24) 0.001016 Q(44) 0.002036 
Q(5) 0.002994 Q(25) 0.000721 Q(45) 0.001570 
Q(6) 0.002374 Q(26) 0.000516 Q(46) 0.003497 
Q(7) 0.001680 Q(27) 0.000406 Q(47) 0.002997 
Q(6) 0.001048 Q(28) 0.000400 Q(48) 0.002311 
Q(9) 0.000616 Q(29) 0.000502 Q(49) 0.001569 
Q(10) 0.000455 Q(30) 0.000718 Q(50) 0.000945 
Q(ll) 0.000569 Q(31) 0.001090 Q(51) 0.000563 
Q(12) 0.000953 Q(32) 0.000724 Q(52) 0.000455 
Q(13) 0.001575 Q(33) 0.000499 Q(53) 0.000628 
Q(14) 0.002310 Q(34) 0.000393 Q(54) 0.001075 
Q(15) 0.002984 Q(35) 0.000398 Q(55) 0.0017 25 
Q(16) 0.001071 Q(36) 0.000512 Q(56) 0.002434 
Q(17) 0.001534 Q(37) 0.000725 Q(57) 0.003063 
Q(18) 0.001984 Q(38) 0.001033 Q(58) 0.003521 
Q(19) 0.002274 Q(39) 0.001426 Q(59) 0.003759 
Q(20) 0.002326 Q(40) 0.001850 Q(60) 0.003754 
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are satisfied very well. For the purpose of simplicity, the values of 
the potential and the electric field at only eight points on each sub-
conductor of subbundle I are shown in Figure 3.18 with Table 3.7, 
SUB BUNDLE II SUB BUNDLE I 
NW NE 
--4— 
^ B/2 
B/2 
SW SE 
GROUND PLANE 
Figure 3.18. Configuration for split-twin-bundle line. 
H = 2000 cm, A = B = 24 cm, S = 30 cm. 
R = 2.0 cm. 
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Table 3,7, Distribution of electric field on subbundle subconductors' 
surface (Potential computed at each point is "1,000000"). 
Subbundle I Electric Electric Electric Angle of 
subconductor Point field in field in field electric 
number number X-direction y-direction magnitude field 
NE 1 0,020931 0,000000 0,020931 0,000388 
2 0,015564 0,015563 0,022010 44,998172 
3 0,000001 0,019687 0.019687 89,997647 
4 -0.010725 0,010725 0.015167 134,999418 
5 -0,010995 -0,000000 0.010995 -179,999220 
6 -0,006875 -0,006875 0.009723 -135,000044 
7 0,000000 -0.012142 0.012142 -89.999117 
8 0.011931 -0.011931 0.016873 -44.997781 
NW 1 0,008978 0.000000 0.008978 0.001197 
2 0,008401 0.008401 0.011881 44.999004 
3 0,000001 0.013248 0,013248 89.997286 
4 -0,008522 0.008522 0.012052 134.998786 
5 -0,009391 0.000000 0.009391 -179.999209 
6 -0,004969 -0.004969 0.007027 -134.998943 
7 0,000000 -0,005991 0.005991 -89.999534 
8 0,004713 -0,004713 0.006665 -44.999112 
SW 1 0.009156 0,000000 0.009156 -0.001218 
2 0,004776 0,004775 0.006754 44.999046 
3 0,000000 0,006051 0.006051 89.999496 
4 -0.005039 0,005040 0.007127 135.001122 
5 -0,009587 0,000000 0.009587 179.999120 
6 -0.008733 -0,008733 0.012350 -135.001144 
7 0.000001 -0,013587 0.013587 -89,997348 
8 0.008603 -0,008603 0,012166 -44,999080 
SE 1 0.021152 0.000000 0.021152 -0,000407 
2 0.012012 0.012011 0.016987 44,997716 
3 0.000000 0.012208 0.012208 89,999065 
4 -0.006940 0.006940 0.009814 135.000029 
5 -0,011177 0.000000 0.011177 179.999132 
6 -0,010933 -0.010933 0.015462 -135.000519 
7 0,000001 -0.020045 0,020045 -89.997707 
8 0,015794 -0,015794 0,022336 -44.998253 
As seen from Table 3.7, the values of the electric potential on the 
conductor surface are one unit and the directions of the electric field 
are perpendicular to the conductor surface. The highest electric field 
intensity on the conductor's surface appears at point 8 of SE subconductor. 
This value is 0.022336 volt/cm per volt. While calculating the values of 
the electric field at many points on the conductor's surface, it was 
found that the actual location of the maximum electric field was at a 
few degrees above the point 8 of SE subconductor, although the difference 
in magnitudes of the field at these two points was very small. The actual 
location of the maximum electric field is affected by the geometrical 
parameters of th.e split-bundle line. 
Table 3.7 shows the wide variation of the electric field on the con­
ductor's surface. For the results shown in Table 3.7, the ratio of the 
minimum to the maximum electric field on the surface of each subconductor 
is approximately equal to 0.445. 
The potential and the electric field distribution for the split-twin-
bundle line with two subconductors in each subbundle arranged horizontally 
[Figure 3.15(a)] is obtained by letting B = 0 in the computer program for 
the split-bundle line with four subconductors in each subbundle. The 
values of the electric field and potential at eight points on each sub-
conductor of subbundle I are shown in Figure 3.19 with Table 3.8. 
As seen from Table 3.8, the values of the electric potential on the 
conductor's surface are one unit and the directions of the electric field 
are perpendicular to the conductor surface. The highest electric field 
intensity on the conductor's surface appears at point 1 of E subconductor. 
59 
SUB BUNDLE I SUB BUNDLE II 
GROUND PLANE 
Figure 3.19. Configuration for split-twin-bundle transmission line. 
R = 2.0 cm, H = 2000 cm, A = 24 cm, S = 30 cm. 
Table 3.8. Distribution of electric field on subbundle I subconductors* 
surface Potential computed at each point "1.000000". 
Subbundle I Electric Electric Electric Angle of 
subconductor Point field in field in field electric 
number number x-direction y-direction magnitude field 
E 1 0.033118 0.000000 0.033118 -0.000009 
II 2 0.022364 0.0022362 0.031626 44.998345 
II 3 0.000001 0.027770 0.027770 89.998055 
II 4 -0.016460 0.016461 0.023279 134.999455 
It 5 
-0.021213 0.000000 0.021213 179.999990 
11 6 
-0.016554 -0.016554 0.023411 -134.999522 
II 7 0.000001 -0.027958 0.027958 -89.998111 
II 6 0.022458 -0.022456 0.031759 -44.998420 
W 1 0.018721 -0.000000 0.018721 -0.000015 
II 2 0.013724 0.013723 0.019408 44.999140 
II 3 0.000001 0.020280 0.020280 89.997928 
II 4 
-0.014214 0.014215 0.020102 134.998890 
II 5 
-0.019792 -0.000000 0.019792 179.999989 
II 6 
-0.014308 -0.014308 0.020234 -134.998960 
II 7 0.000001 -0.020467 0.020467 -89.997979 
II 8 0.013817 -0.013817 0.019540 -44.999212 
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This value is 0.033118 volt/cm per volt. For the geometrical parameters 
of Figure 3.19, the ratio of the minimum to the maximum electric field on 
the surface of E subconductor is 0,021213/0.033118 = 0.64. This ratio 
for W subconductor is 0.018721/0.020467 = 0.92. 
The actual location of the maximum electric field is near point 1 of 
E subconductor but its magnitude is only slightly greater than that at 
point 1. The maximum electric field for this case is about 48.3 percent 
higher than the corresponding value for the split-twin-bundle line of 
Figure 3.14. 
The potential and the electric field distribution for the split-twin-
bundle line with two subconductors in each subbundle arranged vertically 
[Figure 3.15(b)] is obtained by letting A = 0 in the computer program 
written for the split-twin-bundle line with four subconductors in each 
subbundle. The values of the electric field and potential at eight points 
on each subconductor of subbundle I are shown in Figure 3.20 with Table 3.9. 
As seen from Table 3.9, the values of the electric potential on the 
conductor's surface are one unit and the directions of the electric field 
are perpendicular to the conductor's surface. The highest electric field 
intensity on the conductor's surface appears at point 8 of S subconductor. 
This value is 0.029126 volt/cm per volt. For the geometrical parameters of 
Figure 3.20, the ratio of the minimum to the maximum electric field on the 
surface of N subconductor is 0.018484/0.028798 = 0.64. This ratio for S 
subconductor is 0.018597/0.029126 = 0.64. 
The actual location of the maximum electric field is near point 8 of 
S subconductor, although its magnitude is only slightly greater than that 
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GROUND PLANE 
Figure 3.20. Configuration for split-twin-bundle transmission line. 
R = 2 cm, H - 2000 cm, B = 24 cm, S = 30 cm. 
Table 3.9, Distribution of electric field on subbundle 1 subconductors' 
surface (Potential computed at each point is "1.000000".) 
Subbundle I Electric Electric Electric Angle of 
subconductor Point field in field in field electric 
number number x-direction y-direction magnitude field 
N 1 0.026830 0.000000 0.026830 0.000405 
ft 2 0.020364 0.020363 0.028798 44.998466 
ft 3 0.000001 0.027848 0.027848 89.997885 
II 4 -0.017483 0.017483 0.024725 134.998964 
II 5 -0.020980 
-0.000000 0.020980 -179.999617 
II 6 -0.013070 -0.013070 0.018484 -134.999104 
II 7 0.000000 
-0.018997 0.018997 -89.999163 
II 8 0.016029 
-0.016028 0.022667 -44.998209 
S 1 0.027049 -0.000000 0.027049 -0.000419 
II 2 0.016110 0.016109 0.022783 44.998140 
II 3 0.000000 0.019071 0.019071 89.999105 
II 4 -0.013150 0.013150 0.018597 134.999034 
IT 5 -0.021195 0.000000 0.021195 179.999533 
II 6 -0.017712 
-0.017712 0.025049 -134.999033 
IT 7 0.000001 
-0.028221 0.028221 -89.997947 
IT 8 0.020595 
-0.020595 0.029126 -44.998543 
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at point 8. The maximum electric field for this case is about 30.4 
percent higher than the corresponding value for the split-twin-bundle 
line with four subconductors in each subbundle. 
The potential and electric field distribution for the simple twin-
bundle line (Figure 3.16) is obtained by letting A = 0 and B = 0 in 
the computer program written for the general case of Figure 3.14 with 
few changes. The values of the electric field and potential at eight 
points on subconductor I are shown in Figure 3.21 with Table 3.10. 
As seen from Table 3.10, the boundary conditions are satisfied very 
well on the conductor surface. The highest electric field intensity ap­
pears at point 1 of subconductor I, This value is 0,045106 volt/cm per 
volt. It is about 102 percent higher than the corresponding value for 
the line of Figure 3ol8, about 36*2 percent higher than the correspond­
ing value for the line of Figure 3*19 and about 55 percent higher than 
the corresponding value for the line of Figure 3„20, 
Figures 3,22-3,29 illustrate the effect of the geometrical parameters 
on the maximum electric field and the capacitance for different configura­
tions of the split-twin-bundle line. 
Figure 3,22 illustrates the variation of the maximum electric field 
with the subconductor radius. As the radius increases, the electric field 
decreasesc, The electric field is also reduced by increasing the number 
of subconductors in each subbundle* 
Figure 3*23 illustrates the variation of the maximum electric field 
with the conductor height* This figure indicates that the effect of the 
conductor height on the electric field should not be neglected since 
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SUBCONDUCTOR I SUBCONDUCTOR II 
GROUND PLANE 
Figure 3*21. Configuration for tv^in-bundle line* R = 2 cm, H = 
2000 cm, S = 30 cmo 
Table 3olOo Distribution of electric field on subconductor I surface» 
(Potential computed at each point is "lo000000",) 
Electric Electric Electric Angle of 
Subconductor Point field in field in field electric 
number number x-direction y-direction magnitude field 
1 0.045106 -0.000000 0. 045106 -0.000000 
2 0.031331 0.031330 0. 044308 44.998606 
3 0.000001 0.042383 0. 042383 89.998209 
4 -0.028511 0.028512 0. 040321 134.998948 
5 -0.039455 0.000000 0. 039455 179.999995 
6 -0.028595 -0.028596 0. 040441 -134.999018 
7 0.000001 -0.042553 0. 042553 -89.998271 
8 0.031416 -0.031415 0. 044428 -44.998679 
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Figure 3.22, Variation of maximum electric field with subconductor 
radius for different configuration of split-bundle 
lines. H = 2000 cm, S = 50 cm, A = B = 24 cm. 
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Figure 3,23, Variation of maximum electric field with conductor 
height for different configurations of split-bundle 
lines. R = 2 cm, A = B = 24 cm, S = 50 cm. 
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Figure 3.24. Variation of maximum electric field with subbundle separation 
for different configurations of split-bundle lines. R = 
2 cm, H = 2000 cm, A = B = 24 cm. 
67 
m 
for Fig. 3.15 (b) 
CM 
§ for Fig. 3.1U +> 
I (D 
K 
O 
o 
12.00 18.00 24.00 30.00 
SUBCONDUCTOR SEPARATION, A or B (cm) 
Figure 3.25. Variation of maximum electric field with subconductor 
separation for different configurations of split-
bundle lines. R = 2 cm, H = 2000 cm, S = 50 cm. 
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Figure 3.26. Variation of capacitance with subconductor radius for 
different configurations of split-bundle lines. H = 
2000 cm, A = B = 24 cm, S = 50 cm. 
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Figure 3.27, Variation of capacitance with conductor height for 
different configurations of split-bundle lines. R = 
2 cm, S = 50 cm, A = B = 50 cm. 
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Figure 3.28. Variation of capacitance with subbundle separation for 
different configurations of split-bundle lines. R = 
/ cm, H = 2000 cm, A = B = 24 cm. 
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Figure 3.29. Variation of capacitance with subconductor separation for 
different configurations of split-bundle lines. R = 
2 cm, S = 50 cm, H = 2000 cm. 
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the conductor height influences the electric field very much. 
Figure 3.24 illustrates the variation of the maximum electric field 
with the subbundle separation. This figure indicates that the effect of 
the subbundle separation on the electric field is very small. As the 
subbundle separation increases, the electric field increases slightly. 
This is because of the reduced effect of the proximity. 
Figure 3.25 illustrates the variation of the maximum electric field 
with the subconductor separation. This figure indicates that the ef­
fect of the subconductor separation on the electric field is slight. As 
the subconductor separation increases, the electric field decreases. 
Figure 3.26 illustrates the variation of the capacitance with the 
subconductor radius. The capacitance increases with the subconductor 
radius and the number of subconductors in each subbundle. 
Figure 3.27 illustrates the variation of the capacitance with the 
conductor height. The conductor height has a very high effect on the 
capacitance. The capacitance decreases with the increase in the con­
ductor height. 
Figure 3.28 illustrates the variation of the capacitance with the 
subbundle separation. The capacitance increases with the subbundle 
separation. 
Figure 3.29 illustrates the variation of the capacitance with the 
subconductor separation. The capacitance increases with the subcon­
ductor separation. 
In order to compare the results obtained by the method described 
in this section with those obtained by Comsa and Thanassoulis (6, 28), 
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the values of the maximum electric field are calculated for different sub-
bundle separation. 
Figure 3.30 illustrates the variation of the maximum electric field 
with the subbundle separation, 2S, for different ratios of A/d where A 
is the subconductor separation and d is the diameter of each subconductor. 
The value of d is chosen such that the total sum of the cross-sectional 
areas of all subconductors [eight subconductors of Figure 3.30(a)] is 
equal to that of a single conductor of diameter D = 3.5". The bundle 
configuration of Figure 3.30(b) is obtained by letting A = 0 and the sub-
conductor diameter d* is such that its cross-sectional area is equal to 
that of the sum of four subconductors of Figure 3.30(a). These dimensions 
are chosen for comparing the results obtained by the charge simulation 
method with the approximate method suggested by Comsa and Thanassoulis. 
As seen from Figure 3.30, there is a difference of about 2 to 3 per­
cent between the accurate results obtained by the charge simulation method 
and the approximate results obtained by Comsa and Thanassoulis. The main 
reason behind this difference is that the effect of the ground has been 
neglected by Comsa and Thanassoulis. 
For A/d = 4 and the subbundle separation equal to 24", the values of 
the maximum electric field are found to be 0.073688, 0.069480, and 
0.066544 volt/cm per volt for three different conductor heights of 15m, 
20m, and 25m respectively. This suggests that the height of the con­
ductor above the ground has a great effect in determining the values of 
the electric field. Therefore, the conductor height should not be 
neglected in the computation of the electric field for the split-bundle 
lines. 
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Figure 3.30 suggests that the splitting of each subbundle in four 
subconductors is effective in reducing the intensity of electric field 
for A/d ratios of 4 and 6 while A/d ratio of 2 increases the intensity of 
the electric field over that of an equivalent twin-bundle line of Figure 
3.30(b). 
Figure 3.31 illustrates the variation of the maximum electric field 
with the subbundle separation, 2S, for different A/d ratios for the split-
twin-bundle line with two subconductors in each subbundle [Figure 3.31(a)] 
and the twin-bundle line [Figure 3.31(b)]. Again, the dimensions are 
chosen in order to compare the results obtained by the charge simulation 
method with those obtained by the approximate dipole method suggested by 
Comsa and Thanassoulis (6, 28). 
Figure 3.31 shows a great difference between the two sets of results. 
This indicates that the approximations made in the dipole method (es­
pecially about neglecting the effect of the ground) can not be justified. 
Figure 3.31 suggests that the splitting of each subbundle into two 
subconductors is effective in reducing the intensity of the electric field 
for A/d ratios of 4 and 6 and the subbundle separation greater than 24". 
Although, in this section, the results are shown only for the case 
of a split-twin-bundle conductor with one, two, and four subconductors in 
each subbundle, the computer program written for this purpose can be used 
with few changes to include all the various cases shown in Figure 3.32. 
The accuracy of the results obtained for this case is as good as the one 
illustrated in this section. 
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Figure 3.30. Variation of maximum electric field with subbundle 
separation for different ratios of A/d. d = 1.2374", 
d' = 2.4748", H = 2000 cm; symbol o indicates the effect 
of conductor height. 
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Figure 3.31, Variation of maximum electric field with subbundle 
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Figure 3,32. Various configurations of split-bundle transmission 
lines. 
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6. Conclusions 
(1) The method described here for computing the electric field and 
potential is easy and gives accurate results. 
(2) The accurate values of capacitance are obtained by this method 
by summing the values of the line charges obtained by solving the simul­
taneous Equations 3.41. 
(3) The effect of the height of the conductor above the ground 
should not be neglected in the computation of the electric?field for corona 
studies. 
(4) The method described in this section can be used for any system 
of parallel conductors above the ground with positive polarity, negative 
polarity or the combination of both the polarities. 
C. Computer Plotting of Equipotential and Equigradient 
Lines for EHV and UHV Transmission Lines 
1. General 
The knowledge of the exact electric field and potential distribution 
on the conductor surface as well as in the interelectrode space is es­
sential for calculating and predicting the corona onset voltage, corona 
loss and radio interference (4). The charge simulation method described 
in the preceding sections is used for computing accurately the electric 
field and potential distribution around EHV and UHV transmission lines. 
The best way to illustrate the distribution of the electric field 
and potential around EHV and UHV transmission lines is to plot the 
equipotential and equigradient lines. These plottings, which are convenient 
to understand, give a great deal of information regarding the distribution 
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of the electric field and the potential in less space. These advantages 
can not be achieved by tabulating the results. 
The plotting of equipotential and equigradient lines by hand is 
difficult, inaccurate and time consuming. Therefore, a computer pro­
gram is written for computing the electric field and potential dis­
tribution around EHV and UHV transmission lines and then plotting the 
equipotential and equigradient lines. The computer program includes 
one, two and four subconductors in each subbundle. 
2. Programming 
The plotting of equipotential and equigradient lines for only the 
case of a bipolar line of Figure 3,1 is explained here. Using the charge 
simulation method described earlier, the values of the electric field 
and potential at grid points around the positive conductor as shown in 
Figure 3.33 are computed. These values are computed in the form of a • 
matrix of size (L x M). The size of the grid and the values of L and M 
depend on the geometrical parameters of the transmission lines and the 
levels of the equipotential and the equigradient lines we want to plot. 
Since the values of the electric potential and field at the grid 
points which fall inside the conductor surface are not defined, the values 
of the potential at these points are assigned as one unit (same as the 
assumed conductor potential) and the values of the electric field at these 
points are assigned as the maximum value of the electric field on the 
conductor surface. This prevents the equipotential and equigradient lines 
from being plotted inside the conductor surface. 
Once the values of the electric potential and field at grid points 
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Figure 3,33. Values of electric potential and field at grid points 
around positive conductor of bipolar transmission line 
are computed in the form of a matrix. 
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are obtained in the form of a matrix, a subroutine CONTUR available at 
the Computation Center, iowa State University is used to plot the equi-
potential and equigradient lines around the conductor. 
The computer programs to plot the equipotential and the equigradient 
lines are given in Appendix C and D respectively. These programs are 
simple and give accurate results. These programs can also be used for 
plotting the equipotential and equigradient lines around conductors of 
Figures 3.2, 3.3, 3.14, 3.15, and 3.16 with few changes. 
3. Results 
Figures 3.34 and 3.35 illustrate the equipotential and equigradient 
lines in the vicinity of the positive conductor of the bipolar line of 
Figure 3.1. These results are obtained for R = 2 cm, A = B = 24 cm, 
H = 1500 cm, and S = 300 cm. 
Figures 3.36 and 3.37 illustrate the equipotential and equigradient 
lines in the vicinity of the positive conductor of Figure 3.2. These 
results are obtained for R = 2 cm, A = 24 cm, H = 1500 cm, and S = 300 cm. 
Figures 3.38 and 3.39 illustrate the equipotential and equigradient 
lines in the vicinity of the positive conductor of Figure 3.3. These 
results are obtained for R = 2 cm, H = 1500 cm and S = 300 cm. 
Figures 3.40 and 3.41 illustrate the equipotential and equigradient 
lines in the vicinity of the subconductors of subbundie I of Figure 3.14. 
These results are obtained for R = 2 cm, A = B = 24 cm, H = 2000 cm, 
and S = 30 cm. 
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Figure 3,34, Equipotential lines in the vicinity of positive conductor 
of four-bundle bipolar transmission line. R = 2 cm, 
A = B = 24 cm, H = 1500 cm, S = 300 cm. 
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Figure 3.35. Equigradient lines in the vicinity of positive conductor 
of four-bundle bipolar transmission line. R = 2 cm, 
A = B = 24 cm, H = 1500 cm, S = 300 cm. 
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Figure 3,36, Equipotential lines in the vicinity of positive conductor 
of twin-bundle bipolar transmission line. R = 2 cm, 
A = 24 cm, H = 1500 cm, S = 300 cm. 
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.37, Equigradient lines in the vicinity of positive conductor 
of twin-bundle bipolar transmission line. R = 2 cm, 
A = 24 cm, H = 1500 cm, S = 300 cm. 
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Figure 3,38, Equipotential lines in the vicinity of positive conductor 
of simple bipolar transmission line, R = 2 cm, H = 
1500 cm- S = 300 cm. 
Figure 3.39. Equigradient lines in the vicinity of positive conductor 
of simple bipolar transmission line, R = 2 cm, H = 
1500 cm, S = 300 cm. 
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Figure 3,40, Equipotential lines in the vicinity of Bundle I subconductors 
of split-twin-bundle transmission line, R = 2 cm, A = B = 
24 cm, H = 2000 cm, S = 30 cm. 
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Figure 3.41, Equigradient lines in the vicinity of Bundle I subconductors 
of split-twin-bundle transmission line, R = 2 cm, A = B = 
24 cm, H = 2000 cm, S = 30 cm. 
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Figures 3.42 and 3.43 illustrate the equipotential and equigradient 
lines in the vicinity of the subconductors of subbundle I of Figure 
3.15. These results are obtained for R = 2 cm, H = 1500 cm, and 
S = 30 cm. 
Figures 3.44 and 3.45 illustrate the equipotential and equigradient 
lines in the vicinity of subconductors I of Figure 3.16. These re­
sults are obtained for R = 2 cm, H = 1500 cm, and S = 30 cm. 
D. Stranded Conductors Above Ground 
1. General 
The knowledge of the exact electric field at the conductor surface 
as well as in the interelectrode space is necessary to calculate corona 
onset voltage, corona loss and the radio interference on EHV transmission 
lines (4-5). A great amount of research on the problem of electric field 
computation has been carried out in the last several years (15-28). How­
ever, the problem of the electric field computation for the stranded 
and the bundled conductors as actually used in practice has not been 
solved. This problem has not been given enough attention by the re­
searchers because of the complexity of the problem. 
The usual procedure is to compute the electric field for smooth 
cylindrical conductors and then use strand factors to calculate the 
peripheral field on the surface of the stranded conductors. The strand 
factor is defined as the ratio of the electric field for a smooth 
cylindrical conductor to the electric field for a stranded conductor of 
the same radius. Since the value of the electric field on the surface 
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Figure 3,42, Equipotential lines in the vicinity of Bundle I sub-
conductors of split-twin-bundle transmission line, 
R = 2 cm, A = 24 cm, H = 1500 cm, S = 30 cm. 
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Figure 3,43, Equigradient lines in the vicinity of Bundle I subconductors 
of split-twin-bundle transmission line, R = 2 cm, A = 
24 cm, H = 1500 cm, S = 30 cm. 
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Figure 3.44. Equipotential lines in the vicinity of subconductor I 
of twin-bundle transmission line, R = 2 cm, H = 1500 
cm, S = 30 cm. 
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Figure 3.45. Equigradient lines in the vicinity of subconductor I 
of twin-bundle transmission line. R = 2 cm, H = 1500 
cm, S = 30 cm. 
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of the stranded conductor varies from the maximum at the tip to zero at 
discontinuity points (where two strands touch each other), the values 
of the strand factor vary on the conductor surface. The strand factor is 
also a function of the number of strands, N, in the outermost layer of 
the conductor. The procedure of using the strand factors to predict 
the value of the electric field for stranded conductors is not sufficiently 
accurate for the corona calculations. Moreover, these strand factors do 
not remain constant everywhere in space. 
Since the analytical methods for computing the field distribution 
for stranded conductors are not available, the numerical methods 
with the use of digital computers seem to be the only answer. The charge 
simulatipn method described earlier is used here to compute the electric 
field and capacitance of stranded conductors. Only two simple geometric 
configurations of the transmission line are considered in this section: 
(1) A stranded conductor above ground. 
(.2) A twin-bundle unipolar stranded conductor above ground. 
2. Mathematical formulation 
The case of a single-stranded conductor above ground plane is a 
special case of the twin-bundle unipolar stranded conductor above the 
ground plane where the bundle separation is equal to zero. Therefore, 
only the mathematical formulation for the twin-bundle stranded conductor 
is given here. 
The stranded bundle conductor configuration is shown in Figure 3,46. 
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Figure 3.46. Charge representation of the unipolar twin-bundle conductor 
system. 
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The actual charge distribution on the surface of each subconductor is repre­
sented by axial line charges of unknown magnitudes Q(K), where K = 1,2,... 
..,2N. The charges Q(2J - 1), J = 1,2, ,N are placed symmetrically 
on a fictitious coaxial cylinder of radius R2, and the charges Q(2J), 
J = 1,2,....,N, are placed synmetrically on another coaxial cylinder of 
radius Rl. The locations of these line charges are given by angles 
measured from the horizontal plane. These are designated 
a(K) = (K - 1).(360/2N), K = 1,2, ,2N 3.53 
Image charges of these line charges are placed on the other side 
of the ground plane which is assumed at zero potential. The potential 
0(x,y) at any point P(x,y) which is the algebraic sum of the potentials 
due to each of the line charges and their images, is given by 
=I «K) US. mms 
where the distances DCl, DC2, DIl, and DI2 are as shown in Figure 3.46 
and are given by 
DCl(K) = ({x[Q(K)] - xy +{y[Q(K)] - yj.2)^  3.55 
DC2(K) = ({x[Q(K)] + x^  +{y[Q(K)] - yj^ O% 3.56 
DIl(K) = ({x[Q(K)] - x}2 +{y[Q(K)] + 3.57 
DI2(K) = ({x[Q(K)] + xy +{y[Q(K)] + y^ )^  3.58 
and x[Q(K)] and y[Q(K)] are x and y coordinates of the line charges 
Q(K). They can be expressed in terms of radius Rl and R2 on 
which the charges are placed, the height H of the conductor above the 
ground, and the angle a(K) as 
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x[Q(2J - L)] = R2-COS u,(2J - 1) + A 3.59 
y[Q(2J - 1)] = R2-sin a(2J - 1) + H 3.60 
x[Q(2J)] = Rl.cos a(2J) + A 3.61 
y[Q(2J)] = Rl-sin a(2J) + H 3.62 
where 
J = 1,2, ,N 
The electric field E at point P(x,y) is given by 
¥(x,y) = -V0(x,y) 3.63 
Therefore, the electric field in x and y direction are given by 
Ex(> x.y) = - ^  
EY(x.y) = - 3.65 
Using equations 3.54 to 3.58, 3.64 and 3.65, we obtain 
2N yi y- yi y 2 
Ex(x,y) = 2 Q(K) ["zY Z2 Z3 ~ Z4^ 3.66 
K=1 
2N Yl YI Y ? Y? 
EY(x,y) = 2 Q(K)[-YÎ " Z2 " 23 " Z4] 3.67 
K=1 
where 
XI = x[Q(K)] - X Z1 = Xl^  + Y12 
Yl = y[Q(K)] - y Z2 = X2^  + Yl^  
X2 = x[Q(K)] + X 23 = Xl2 + Y2^  
Y2 y[Q(K)] + y 24 = X2^  + Y2^  
where values of x[Q(K)] and y[Q(K)] are given by Equations 3.59 to 3.62. 
If we want to find E at any point located at a distance P from the center 
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of the subconductor and at an angle P from the horizontal through the 
center of the subconductor, then we make the following transformation of 
coordinates: 
X = pcos^  + A 3.68 
y = psinP + H 3.69 
3. Boundary conditions 
The potential at any point on the conductor surface must be equal to 
one unit, which is the assumed potential of the conductor with respect 
to the ground. To satisfy this condition, points C(K), K = 1,2,....,2N 
are chosen on the conductor surface and potentials at these points are 
equated to one unit. Potential 0[C(K)] at any point C(K) on the conductor 
surface is given by 
0:C(K)] = -2 Q(J) log^  m(j;K)!DI2(j;Kj = 3.70 
J=1 
where 
DC1(J,K) = ({x[C(K)] - x[q(j ) ]^2  
+{y[C(K)] - y[Q(J)]]f)t 3.71 
DC2(J,K) = (£X[C(K)] + X[Q(J)]}2 
+[y[C(K)] - y[Q(J)]%2)% 3.72 
DI1(J,K) = ({x[C(K)] - x[Q(J)y2 
+ ly[C(K)] + y[Q(J)]j^ )^  3.73 
DI2(J,K) = ({x[C(K)] + X [ Q ( J)]^ 2 
+ (y[C(K)] + y[Q(J)])2)t 3.74 
where x[C(K)] and y[C(K)] are x and y coordinates of point C(K) and 
these are given by 
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x[C(2J - 1)] = R-cos u(2J - 1) + A 
y[C(2J - 1)] = R-sin a(2J - 1) + H 
x[C(2J)] = R3*cos u(2J) + A 
y[C(2J)] .= R3-sin a(2J) + H 
3.75 
3.76 
3.77 
3.78 
where 
J = 1,2 9..«• 
and 
R3 = (R2 - 2.R.SR)% 3.79 
Equations 3.77 to 3.79 give coordinates of points where the strands 
in the outermost layer touch one another. 
The equation representing the boundary condition is 3.70. The 
other boundary condition is that the ground potential be zero. This 
condition is automatically satisfied by including image charges which 
are symmetrically located with respect to the ground plane, 
4. Choice of parameters 
To satisfy boundary conditions and to obtain solvable equations 
that yield a unit equipotential surface coinciding with the surface of 
the stranded conductor, care must be taken in choosing parameters R1 
and R2. These parameters determine the position of the unknown axial 
line charges. After running the computer program many times, the follow­
ing values of R1 and R2 were found to satisfy the boundary conditions 
well: 
R1 = R/2 3.80 
R2 = R - (SR/2) 3.81 
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It was found that +20 percent change in the value of R1 has very 
little effect on the accuracy of the results while a very small change 
in the value of R2 makes the results less accurate. 
5. Programming 
The computer program is written in FORTRAN IV language for IBM 360 
computer available at the Computation Center, Iowa State University. 
Double precision arithmetic is used throughout the main program and the 
subroutine. The simultaneous Equations 3.70 representing the boundary 
conditions are solved using a subroutine which operates on the method of 
Gauss elimination with complete pivotting. 
The main computational steps are illustrated in the flow chart of 
Figure 3.47. The solution of the simultaneous equations gives the values 
of the unknown line charges. These values are used in computing the 
potential and the field anywhere on the conductor surface or in the inter-
electrode space. A sample computer program to compute the electric field 
and potential is given in Appendix E. 
6. Results 
Results are obtained for the case of a twin-bundle stranded conductor 
with 30 strands in the outermost layer (N = 30) of each subconductor with 
radius R = 2.235 cm, strand radius SR = 0.21146 cm, bundle spacing 2A = 
45.7 2 cm, and the height above the ground H = 23.62 meters. This con­
figuration of the transmission line is similar to the one considered by 
Abou-Seada for smooth cylindrical conductors (26). 
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Figure 3.47. Main flow chart for the computation of electric field 
for stranded conductors. 
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The values of the line charges obtained by solving the simultaneous 
Equations 3,70 are shown in Table 3.11. To check the correctness of the 
computations, these values of the line charges are used to compute the 
potential along the entire subconductor surface. The values of the 
potential at 17 points on one of the outermost strands of subconductor I 
are shown in Figure 3,48, The values of the potential at symmetrically 
located points such as C2I, C30l:C^ 2, ^ 22' ^ *22' ^ 32' *^ *32» 
,,,,,> 3^02» 2^3» *-*23» 3^3» '^33...... C303» ^^ 303"'""" 
etc., are very close to each other. (The difference in potential at any 
two symmetrically located points is less than 10"^  p.u. volt.) 
Although the potential at any point on the subconductor surface is 
very close to the unit potential, considerable error exists in the region 
very close to the points where strands intersect each other (discontinuity 
points). This was revealed by computing the potentials at some points in 
the region close to the discontinuity points. This is shown in Figure 
3.49. 
The equipotential and the equigradient lines very close to the sub-
conductor I surface are shown in Figures 3.50 and 3.51. Figures 3.52 
and 3.53 show the same lines in the gap between the two subconductors. 
Figure 3.54 shows the equipotential lines around subconductor I 
obtained by using the computer plotting program explained earlier. 
The knowledge of the maximum electric field occurring on the con­
ductor surface and the values of the capacitance are necessary in the 
design of EHV transmission lines. The effect of the geometric parameters 
of the line on the values of the maximum electric field and the 
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Table 3.11. Values of line charges obtained by solving simultaneous 
equations [(Coulomb/m/volt)/2F6^ ] 
Q(l) = 0.004374 Q(21) = 0.003817 Q(41) = 0.003830 
Q(2) = -0.001327 Q(22) = -0.001170 Q(42) = -0.001222 
Q(3) = 0.004365 Q(23) = 0.003745 Q(43) = 0.003910 
Q(4) = -0.001614 Q(24) = -0.001131 0(44) = -0.001279 
Q(5) = 0.004343 Q(25) = 0.003684 Q(45) = 0.003992 
Q(6) = -0.001397 Q(26) = -0.001095 Q(46) = -0.001309 
Q(7) = 0.004308 Q(27) = 0.003638 Q(47) = 0.004072 
Q(8) = -0.001504 Q(28) = -0.001071 Q(48) = -0.001380 
Q(9) = 0.004260 Q(29) = 0.003610 Q(49) = 0.004147 
Q(10) = -0.001398 Q(30) = -0.001058 Q(50) -0.001372 
Q(ll) = 0.004201 Q(3i) = 0.003601 Q(5l) = 0.004214 
Q(12) = -0.001411 Q(32) = -0.001059 Q(52) = -0.001483 
Q(13) = 0.004132 Q(33) = 0.003613 Q(53) 0.004271 
Q(14) = -0.001344 Q(34) = -0.001073 Q(54) = -0.001381 
Q(15) = 0.004057 Q(35) = 0.003644 Q(55) = 0.004316 
Q(16) = -0.001317 Q(36) = -0.001100 Q(56) = -0.001604 
Q(17) = 0.003977 Q(37) = 0.003693 Q(57) = 0.004349 
Q(18) = -0.001261 Q(38) = -0.001134 Q(58) = -0.001322 
Q(19) = 0.003895 Q(39) = 0.003756 Q(59) 0.004368 
Q(20) = -0.001220 0(40) = -0.001181 Q(60) = -0.001694 
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Potential at 
point 
Potential 
1^1 
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1^2 
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<18 1.000340 
1^9 1.000000 
Figure 3.48. Values of potential on the surface of strand no. 1 of 
subconductor I. 
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Potential at 
point 
Potential 
PI 1.000000 
P2 1.000340 
P3 1.000323 
P4 0.999893 
• P5 0.999065 
P6 0.997918 
Figure 3,49, Values of potential in region close to the discontinuity 
point. 
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Figure 3.50. Equipotential lines very close to the surface of sub-
conductor I. 
108 
0.035 0.032 0.029 
£OUIGKAOIENT LINES: 
0.035 
0.032 
0.029 
STRAND XAOIUS • 0.2114 em 
SUBCONDUCTOft - 2.235 vm 
HEIGHT ABOVE WOUND • 23.62 m 
SEfAJUTION - 45.72 am 
Figure. 3.51. Equigradient lines very close to the surface of sub-
conductor I. 
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e 3,52, Equipotential lines in the gap between subconductors. 
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3,53, Equigradient lines in the gap between subconductors. 
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Figure 3.54. Computer plotting of equipotential lines around sub-
conductor I. R = 2 cm, H = 1500 cm, A = 30 cm, N = 
30, SR = 0.1893 cm. 
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capacitance is illustrated in Figures 3.55-3,61. 
Figures 3,55-3.57 illustrate the variation of the maximum electric 
field and the capacitance of a single stranded conductor above the ground. 
Figure 3.55 illustrates the variation of the maximum electric field 
and the capacitance with the conductor radius R. The height H of the 
conductor above the ground is kept constant at 10 m, and the number of 
strands N in the outermost layer is kept constant at 30. For the com­
parison purpose, the values of the maximum electric field of a cylindri­
cal conductor are also shown. The values of the strand factor which is 
the ratio of the maximum electric field of a cylindrical conductor to 
the same of a stranded conductor is found to be 0.69 for all values of R. 
The capacitance ratio, which is the ratio of the capacitance of a 
stranded conductor to that of a cylindrical conductor, is found to be 
0.998. 
Figure 3.56 illustrates the variation of the maximum electric field 
and the capacitance with the conductor height. The radius of the conductor 
is kept constant at 2 cm, and the number of strands N is kept constant at 
30. The strand factor and the capacitance ratio are found to be 0.69 
and 0.998 respectively. This indicates that the strand factor and the 
capacitance ratio do not depend on R or H. 
Figure 3.57 illustrates the variation of the maximum electric field, 
capacitance, strand factor and the capacitance ratio with the number of 
strands N in the outermost layer of the conductor. The radius of the 
conductor is kept constant at 2 cm, and the height above the ground is 
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0.35 
A - ELECTRIC FIELD FOR CYLINDRICAL 
CONDUCTOR 
H= 10m 
0.30 0.16 
0.25 0.15 CAPACITANCE 
"Ô 0.20 0.14 
ELECTRIC FIELD E ,0.15 0.13 
LU 
0.12 0.10 — 
0.05 
1.0 2.5 2.0 3.0 1.5 0.5 
CONDUCTOR RADIUS, R_ 
(cm) 
Figure 3.55, Variation of maximum electric field and capacitance with 
conductor radius for a single stranded conductor above 
ground. H = 10 m, N = 30. 
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CONDUCTOR 
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CAPACITANCE 
g 0.09 
|0.08Ûl_ 
CONDUCTOR HEIGHT, H 
(meter) 
0.16 
0.15 
0.14 
e 
U 
0.13 
0.00 
Figure 3.56. Variation of maximum electric field and capacitance with 
conductor height for a single stranded conductor above 
ground. R = 2 cm, N = 30. 
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STRAND 
FACTOR 
Q£ 
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0.09 0.1440-0.65 
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0.08 0.99 0.1435- 0.63 
FOR CYLINDRICAL CONDUCTOR 
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0.07 0.98 0.143010.61 
12 18 24 6 30 
NUMBER OF STRANDS, N 
Figure 3.57. Variation of maximum electric field, capacitance, strand 
factor and capacitance ratio with number of strands N 
for a single stranded conductor above ground. R = 2 cm, 
H = 10 m. 
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kept as 10 m. Figure 3.57 indicates that the strand factor and the 
capacitance ratio depend only on the number of strands N. 
Figures 3.58-3.61 illustrate the variation of the maximum electric 
field and the capacitance for a twin-bundle, unipolar stranded conductor 
above ground. 
Figure 3.58 illustrates the variation of the maximum electric field 
and the capacitance with the subconductor radius R. The height of the 
conductor above the ground is kept at 10 m, the bundle separation is 
45 cm, and the number of strands N is 30. The values of the strand fac­
tor and the capacitance ratio are found to be 0.69 and 0.999 respectively. 
Figure 3.59 illustrates the variation of the maximum electric field 
and the capacitance with the conductor height. The radius of the con­
ductor is kept at 2 cm, the bundle separation is 45 cm, and the number 
of strands is 30. The values of the strand factor and the capacitance 
ratio are found to be 0.69 and 0.999 respectively. 
Figure 3.60 illustrates the variation of the maximum electric field 
and capacitance with bundle separation. The radius of the conductor is 
kept at 2 cm, the height of the conductor above the ground is 10 m and 
the number of strands N is 30. The values of the strand factor and the 
capacitance ratio are found to be 0.69 and 0.999 respectively. 
Figures 3.58-3.60 indicate that the values of the strand factor and 
the capacitance ratio do not depend on the conductor radius, conductor 
height and the bundle separation. 
Figure 3.61 illustrates the variation of the maximum electric field, 
the capacitance, the strand factor and the capacitance ratio with the 
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Figure 3.58. Variation of maximum electric field and. capacitance with 
conductor radius for unipolar twin-bundle stranded con­
ductor above ground. H = 10 m, S = 45 cm, N = 30. 
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Figure 3.59. Variation of maximum electric field and capacitance with 
conductor height for unipolar twin-bundle stranded con­
ductor above ground. R = 2 cm, S = 45 cm, N = 30. 
119 
0.0750 
max 
0.0700 0.795 
0.0650 0.190 T 
CAPACITANCE 
0.185 2 0.0600 
H = lOm 
0.180 0.0550 
FOR CYLINDRICAL 
CONDUCTOR 
A -  E  
max 
0.0500 
35 40 45 50 55 60 65 
BUNDLE SEPARATION, 2A -» 
(cm) 
Figure 3.60. Variation of maximum electric field and capacitance with 
bundle separation for unipolar twin-bundle stranded con­
ductor above ground. R = 2 cm, H = 10 m, N = 30. 
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Figure 3.61. Variation of maximum electric field, capacitance, strand 
factor, and capacitance ratio with number of strands N 
for unipolar twin-bundle stranded conductor. R = 2 cm, 
H = 10 m, S = 45 cm. 
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number of strands N in the outermost layer of each subconductor. The 
radius of the subconductor is kept at 2 cm, the height of the conductor 
above the ground is 10 m and the bundle separation is 45 cm. 
7. Accuracy and limitations of charge simulation method 
In order to determine the accuracy of the electric field computa­
tions made by using the charge simulation method, the problem of the 
electric field computation of a stranded conductor inside a cylinder as 
shown in Figure 3.62 is solved analytically. As explained in Appendix G, 
the configuration of Figure 3.626 is equivalent to that of a stranded 
conductor above the ground (Figure 3.62A), with respect to the electric 
field distribution on the conductor surface. This is true only if the 
radius RF of the outer cylinder is equal to two times the height H of 
the conductor and the ratio H/R is very high. 
The details of the analytical method are explained in the next section. 
Figure 3.63 illustrates the comparison between the charge simulation 
method and the analytical method regarding the electric field distribution 
on an outer strand surface. The radius of the conductor in both the con­
figurations of Figure 3.62 is taken as 1 cm, and the number of strands N 
in the outer layer of the conductor is taken as 30. The radius RF of 
the outer cylinder is taken as 20 m and the height H is taken "s 10 m. 
Figure 3.63 indicates that the value of the maximum electric field 
obtained by the charge simulation method is about 3.5 percent higher than 
the exact value obtained by the analytical method. However, it is found 
that the values of the capacitance ratio obtained by both the methods are 
equal. 
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GROUND PLANE 
Figure 3,62. To achieve the equal electric field distribution on the 
conductor surface in both arrangements, RF = 2H must 
be satisfied, and H/R ratio must be very high. 
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Figure 3.63. Comparison between charge simulation and analytical 
methods regarding electric field distribution on the 
outer strand surface. 
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The use of the charge simulation method to compute the electric field 
distribution for a stranded conductor with the number of subconductors 
greater than two is limited. This is because the number of the fic­
titious line charges required to simulate the conductor surface as an 
equipotential surface is very large. This increases the round-off error 
in the computation and reduces the accuracy of the results. 
8. Conclusions 
(1) The charge simulation method is easy to use for the computation 
of the electric field distribution around stranded conductors but gives 
only approximate results. To get the accurate values of the maximum 
electric field on the conductor surface, the values shown in Figures 
3.55-3.61 must be reduced by 3.5 percent. 
(2) The values of the capacitance of the stranded conductors ob­
tained by the charge simulation method are accurate. 
(3) The use of the charge simulation method to compute the electric 
field distribution around a stranded bundle conductor with the number of 
subconductors greater than two is limited by the accuracy of the results. 
E. Stranded Conductor in a Cylinder - Analytical Method 
1. General 
In the design of high voltage transmission lines, the knowledge 
of the exact electric field at the conductor surface as well as in the 
interelectrode space is necessary to calculate corona onset voltage, 
corona loss and the radio interference (3). A considerable amount of 
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research on the problem of the electric field computation for EHV con­
ductors has been carried out in the last several years (15-28). How­
ever, the problem of the electric field computation for stranded conduc­
tors as actually used in practice has not been solved. 
The usual procedure is to compute the electric field for the cylin­
drical conductors and then use so-called strand factors to compute the 
peripheral field on the surface of the stranded conductors. This semi-
empirical procedure is not adequate for the corona calculations since the 
strand factors are not applicable for computing the field distribution 
in the space outside the stranded conductors. 
A recent paper describes a seni-analytical method for computing the 
electric field distribution around an isolated stranded conductor where 
the effect of the ground has been neglected (31). As explained earlier, 
for practical transmission lines, the effect of the conductor height above 
the ground should not be neglected since the values of the electric field 
vary with the conductor height over a wide range. 
The previous section described the charge simulation method for com­
puting the electric field distribution around a twin-bundle stranded 
conductor above the ground. However, the results obtained were only 
approximate. 
In this section, an analytical method is described for computing the 
electric field distribution around a stranded conductor enclosed by an 
outer cylinder as shown in Figure 3.62B. Since this configuration is 
equivalent to a stranded conductor above the ground (as explained in Ap­
pendix G), the effect of the conductor height has been taken into account 
in the computation. 
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2. Analytical method 
Figure 3.64 illustrates the geometry and the boundary conditions 
of the problem. The outer cylinder of radius RF is assumed to be at 
zero potential, and the stranded conductor of radius RC with N number 
of strands in the outermost layer is assumed to be at unit potential. 
The radius of each strand is RS. 
. Because of the symmetry of the problem, only the region enclosed by 
9= 0, 9= p = TT/N and thé conductors is of interest. Inside this region 
the Laplace equation must be satisfied. Therefore in polar form, 
where V = V(r,9) represents the potential at any point (r,0) in the 
region of interest. 
By using the separation of variables technique, let 
V(r,9) = R(r) • T(0) 3.83 
Using Equations 3.82 and 3.83, we get the following ordinary dif­
ferential equations 
d^T . o 
iP+k2T=0 3.84 
r2 -^ + r II - = 0 3.85 
dr^ 
2  
where k is the constant of separation. 
For k = 0, the solution for the electric potential is given by 
V(r,9) = R(r)'T(9) = (A In r + B)-(C9 + D) 3.86 
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V = 0; 
Figure 3.64. The geometry and the boundary conditions of the problem 
of electric field computation for a stranded conductor 
inside a cylinder. 
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where A, B, C, and D are constants. 
For k ^  0, the solution for the electric potential is given by 
V(r,e) = R(r)'T(0) = (Er^ + Fr-k).(G cos k0 + H sin kO) 3.87 
where E, F, G, and H are constants. 
The general solution for the electric potential for all values of 
k is given by 
V(r,0) = (A In r + B).(C0 + D) 
+ T (Er^ + Fr"^)'(G cos k9 + H sin k9) 3.88 
k=l 
Since V is single valued and periodic of period 2p, 
C = 0 3.89 
mV 
k ='p- = mN 3.90 
Applying the boundary condition of àV/à0 = 0 at 0 = 0, 
H = 0 3.91 
Using Equations 3.89, 3.90 and 3.91, Equation 3.88 can be written as 
V(r,0) = C]_ In r + C2 + ? [P^r'^ + •cos(iiiN0) 3.92 
m=l 
where Cj_, Cg, Pm and 0^ are constants. 
Equation 3.92 satisfies the boundary conditions of 3V/ )0 = 0 
at 8 = P automatically. 
Now changing the variable r to (r/RF), Equation 3.92 can be written 
as 
V(r,0) = C, In(r/RF) + c. 2 
+ T [Pni(r/RF)°N + Q^(r/RF)"™^] cos(niN0) 3.93 
m=l 
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Using the boundary condition of V = 0 at r = RF, 
Cj = 0 3.94 
Ptn = -Qm 3.95 
Using equations 3.94 and 3.95, Equation 3.93 can be written as 
V(r,0) = ln(r/RF) 
+2 Pj^[(r/RF)"^ - (r/RF)-™N]-cos(niN0) 3.96 
m=l 
Defining the constants and in a different form, Equation 3.96 
can be written as 
/ ^ ln(r/RF) 
V(r,0) - ln(RC/RF) 
].cos(«« 
By simple trigonometry, the surface of the stranded conductor in 
the region under consideration can be described by 
Bi cos 0 + VBi cos^0 - 4B2 
r = f(0) = Ô 3.98 
where 
B^ = 2-(RC - RS) 3.99 
Bg = (RC - RS)2 _ (RS)2 3.100 
Applying the boundary condition at the surface of the stranded con­
ductor, where the potential Is assumed co be one unit. Equation 3.97 
becomes 
'=1 ].e.s(mNe).l 
3.101 
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Equation 3.101 can be rearranged as 
2 W9> = 1 - s<e) , ,02 
m=0 J.iuz 
where 
Aq = Cj^ -J 3,103 
T for m = 0 
4. = 3-105 
1 ff (0)/RFl 
U^(G) = [f(G)/RC]-oN.[ ^  _ [ttc/RF]2niN 3-cos(tnNQ) 3.106 
where m =1,2, ,eo . 
By the process of orthononnalization, Equation 3.102 results in a 
set of simultaneous equations (35) 
^00^0 "*• ^01^1 ^02^2 ~ ^0 
^10  ^+ ^11^1 ^12^2 + + I^M  ^ = ,^ 1 
l^204) + ^21^1 "*• ^22^2 + + = Wj 3.107 
%0^0 %1^1 ^M2^2 
where 
U.. = /u.(0)u.(0)d9 3.108 
Wi = JUj^(0)S(0)d0 3.109 
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i = 1,2,3,....,M 
j = 1,2,3 ,M 
and where M indicate s the value of m for which the series of Equation 
3.102 converges to the desired degree of accuracy. 
The solution of the simultaneous Equations 3.107 gives the values of 
Once these values are known, Equation 3.97 with Equation 3.103 and 
3.105 can be used to compute the electric potential at any desired point 
on the surface of the stranded conductor or in the interelectrode space. 
The radial and the azimuthal electric fields at any point (r,9) are ob­
tained by differentiating Equation 3.97. These are given by 
Er(r,0) = 3.110 
ar 
3. Results 
A computer program is written for computing coefficients for dif­
ferent values of M by using Equations 3.104, 3.106 and 3.107 to 3.109. 
Once these coefficients are obtained, the values of the electric potential 
at several points on the surface of an outer strand in the interval from 
9 = 0 to 0 = p='Tr/N are computed by using Equations 3.97, 3.103 and 
3.105 to check if the boundary condition of a unit potential on the 
conductor surface is satisfied. The computer program to compute the 
coefficients Ajj^ is given in Appendix F1 and the computer program to 
calculate the electric field on the conductor surface is given in Ap­
pendix F 2. 
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Figure 3.65 shows the computed values of the electric potential at 
17 points on the surface of the outer strand in the interval from 0=0 
to 0 = P = 'jT/N for different values of M. These results are obtained 
for RC = 2 cm, RF = 2000 cm, and N = 30. Figure 3.65 indicates that the 
value of M = 10 is sufficient to satisfy the boundary condition of a 
unit potential on the stranded conductor. 
Table 3.12 shows the values of the coefficients Am for M = 10 ob­
tained by solving the simultaneous Equations 3.107. These coefficients, 
obtained for the problem described above, are used to compute the electric 
potential and field at any desired point on the surface of the stranded 
conductor or in the interelectrode space. 
Table 3.13 with Figure 3.66 shows the values of the electric 
field and the angle of the electric field at 11 points on the surface of 
an outer strand in the interval from © = 0 to © = P ='^/N. These values 
are obtained for RC = 2 cm, RF = 2000 cm, and N = 30. A slight error in 
the values of the electric field and the angle of the electric field very 
near to the discontinuity point (where two strands touch each other) is 
due to the round-off error in the computations. 
By using the charge simulation method explained in the previous 
section, results are obtained for the case of a stranded conductor above 
the ground plane. These results are obtained for RC = 2.0 cm, H = 1000 
cm, and N = 30. The results obtained by the analytical method and the 
charge simulation method for the equivalent geometry are compared as 
shown in Figure 3.67. This figure indicates a difference of about 4 
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Figure 3.65, Computed values of the potential at 17 points on the surface 
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Table 3»12. Values of coefficients for M = 10, RC = 2 cm, RF = 
2000 cm, N = 30 
Coefficient Value 
^0 0.9982206 
4 0.1666446 X lO"^ 
A2 0.1085674 X 10-3 
0.4251842 X 10"^ 
0.1093296 X ICr^ 
A5 0.7146589 X 10"® 
^6 0.4319698 X ICT? 
A? -0.2250174 X 10-11 
^8 -0.1305562 X 10-11 
Ag -0.05068501 X 10-13 
*10 -0.6264852 x IQ-l^ 
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RC 
Figure 3.66. Stranded conductor with N strands in the outermost layer. 
Table 3.13. Values of electric potential, field and angle of field at 11 
points on the surface of the outer strand (RC = 2 cm, RF = 
2000 cm, N = 30; for each entry, the potential is "1.000000") 
Angle u Electric field Angle of electric 
(degrees) (volt/cm)/volt field (degrees) 
0 0.100706 0.000000 
9.6 0.098630 9.599936 
19.2 0.092370 19.200042 
28.8 0.081846 28.800055 
38.4 0.067060 38.399859 
48.0 0.048+52 48.000158 
57.6 0.027803 57.599883 
67.2 0.009750 67.200714 
76.8 0.000911 76.738961 
86.4 0.000007 1.997086 
96.0 0.000203 6.000000 
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Figure 3.67. Comparison between the results obtained by the charge simu­
lation method and the analvtical method. 
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percent between the accurate results obtained by the analytical method 
and the approximate results obtained by the charge simulation method. 
The effect of the ground is very important in corona calculations 
since the values of the electric field vary with the conductor height over 
a wide range. This can be explained by the following example^ 
The values of the maximum electric field for the stranded conductor 
of radius 2 cm and N = 30 are found to be 0.1169, 0.1050, and 0.0991 volt/ 
cm per volt for three different heights of 5, 10, and 15 meters re­
spectively. This indicates that by decreasing the conductor height from 
15 meters to 5 meters, the maximum electric field increases by 18 percent. 
Since all corona calculations are very sensitive to the values of the 
electric field, a very small error in the values of the electric field 
might result in a very large error in the values of the corona onset volt­
age, corona loss and the radio interference. Therefore, the effect of the 
ground should not be neglected. 
In the analytical method as explained in this section, the effect of 
the ground has been considered by assuming the outer cylinder as an equiv­
alent ground of zero potential. 
4. Conclusions 
(1) The analytical method gives accurate values of the electric 
potential and field on the surface of the stranded conductor but this 
method is difficult to use. Moreover, the application of this method 
for the electric field computation for the practical transmission lines 
seems extremely difficult. 
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(2) The results obtained by the charge simulation method are ap­
proximate, but this method is easy to use and it is possible to apply 
this method for the electric field computation for the practical trans­
mission lines. 
(3) The effect of the ground has been taken into consideration in 
both the methods. 
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APPENDIX A 
c 
c C C M P U T A T I O N  O F  C A P A C I T A N C E  A N D  D I S T R I B U T I O N  O F  P O T E N C I A L  
C  A N D  E L E C T R O S T A T I C  F I E L D  O N  C O N D U C T O R  S U R F A C E  
C  F O R  T H E  B I P O L A R  L I N E  O F  F O U R  S U B C O N D U C T O R S  
C  A B O V E  G R O U N D  
C  
C  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
D I M E N S I O N  A L P H A ( 1 5 ) , X C 1 ( 6 0 ) , Y C 1 ( 6 0 ) , X Q K 6 0 » , Y Q 1 ( 6 0 )  
D I M E N S I O N  C O E F F {  6 0 , 6 0 ) t  C O E F C l 6 0 , 6 0 ) , Q ( 6 0 ) , V ( 6 0 )  
D I M E N S I O N  C 0 E F D ( 6 0 i 6 0 )  t E X ( 6 0  )  f  E Y  ( 6 0  )  »  E  ( 6 0  J  ,  G A M A I  6 0 )  
D I M E N S I O N  B E T A ( 8 )  
C  
D I M E N S I O N  L ( 6 0 )  ,  ( ' ( 6 0 )  
C  
R E A D  ( 5  , 6 )  P E R  
6  F Û R M A T ( D 1 5 , 4 )  
R E A D ( 3 , 5 )  h , R , A , e , S  
5  F 0 P M A T ( 5 F i 0 . 2 )  
C  
C  
C  
P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3  
S S = 2 . 0 D 0 * S  
P 2 = R / 2 . O D O  
C  
C  
C  
k R I T E ( 6 , 1 0 )  H , R , A , B , S S  
W R I T E ( 6 , 1 1 )  P E R  
W R I T E ( 6 , 1 2 )  P 2  
1 0  F O R M A T C  1 «  , / / , 1 0 X , ' C O N D U C T O R  H E I G H T = '  ,  F I  0 . 2 , / / ,  1  O X ,  ' C O N D U C T O R  R A D  I 
1 U S = '  , F l û . 2 , / / , l O X , • S U B C O N D U C T O R  H O R I Z O N T A L  S E  P E P  A T I 0 N  =  ' , F 1 0 . 2 , / / , l  
2 0 X , « S U B C O N D U C T O P  V E R T I C A L  S E P E R A T I 0 N = • , F I O . 2 , / / , l O X , • B U N D L E  S E P E R A  
3 T I C M = » , F 1 0 . 2 , / / )  
1 1  F O R M A T ( '  • , 1 0 X , « P E R M I T I V I T T Y = « , E 1 2 . 4 , / / )  
1 2  F O R M A T ( '  •  , 1 0 X , « C H A R G E  R A D I U S  =  ' , F 6 . 3 , / / )  
c 
N  =  6 0  
N N = N / 4  
D O  1 5  K = 1 | N N  
1 5  A L P H A ( K ) = ( < K - 1 ) * 2 , 0 D 0 * P I ) / N N  
C  
C  
C  C O M P U T E  C O O R D I N A T E S  O F  P O I N T S  O N  C O N D U C T O R  S U R F A C E  
C  
C  -
D O  2 0  J l = i , N N  
X C U  J 1 )  =  S + ( A / 2 . 0 D O )  +  ( R * D C O S (  A L P H A (  J l )  )  )  
2 0  Y C K  J 1 ) = H + ( B / 2 . 0 0 0 )  f ( R * D S I N (  A L P H A !  J l  »  )  )  
D O  3 0  J 1 = 1 , N N  
J 2 = J 1 + N N  
X C U  J 2 »  =  S - ( A / 2 . 0 C 0 )  +  ( R * D C 0 S ( A L P H A ( J 1 ) )  )  
3 0  Y C K  J 2  )  =  Y C  1 ' .  J l  )  
D O  4 0  J l = l f N N  
J 2 = J 1 +  N N  
J 3 = J 1 + ( 2 * N N )  
X C U  J 3 )  =  X C 1 (  J 2 )  
4 0  Y C U  J 3  )  =  H - ( B / 2 . 0 D 0 )  +  { R * D S I N (  A L P H A (  J l ) ) )  
D O  5 0  J l = l , N N  
J 2  =  J 1 + N N  
J 3 = J 1 + ( 2 * N N )  
J 4 = J 1 + ( 3 * N N )  
X C l l  J 4 )  =  X C 1 (  J l )  
5 0  Y C K  J 4  )  =  Y C 1 (  J 3  )  
C  
C  
C  C O M P U T E  C O O R D I N A T E S  O F  C H A R G E S  I N S I D E  C O N D U C T O R  
C  
C  
D O  6 0  K 1 = 1 , N N  
X Q K  K l  )  =  S f  ( A / 2 . 0 C 0 )  f  ( P 2 * D C 0 S ( A L P H A ( K 1 )  )  )  
6 0  Y Q 1 ( K 1 ) = H + { B / 2 . 0 C 0 ) + ( P 2 * D S I N C A L P H A ( K 1 ) ) )  
DO 7C K l= l iNN 
K2=K1+NN 
XQU K2)  =S- (A /2  .0C0)  +  (P2«D( ;0S(ALPHA(K1)  I )  
70  YQK K2)  =  YQ1(K1)  
DO 80  K1=L ,NN 
K2  =  K1+NN 
K3=K1+(2*NN)  
XQ1(K3)=XQ1(K2)  
80  YQK K3)  =  H- (B /2 .0C0)  +  {P2*D;5 IN(  ALPHA(K l )  ) l  
DO 90  K l= l  ,NN 
K2  =  K1+NN 
K3=K1+(2*NN)  
K4=K1+(3*NN)  
XQ1(K4)=X01(K1)  
90  YQUK4)=YQ1(K3)  
C  
c 
C CCMPUTE CHARGE COEFFIC IENT MATRIX  
DO 100  J=1 ,N  
DO 100  K=1 ,N  
X l  =  XC l (  J ) -XQ l (K )  
Y1=YC1(J ) -YQl {K )  
X2=XC1(J )+XQ1(K |  
Y2=YC1(J  )  +  YQl (K )  
Z1=X1*X1+Y1*Y1  
Z2  =  X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
100  COEFFtJ»KI=DLOG( (Z2»Z3) / (Z1*Z4)» /2 .0D0  
C 
c 
C SOLVE FOR CHARGES AND CHECK ACCURACY OF RESULTS 
C 
DO 110  J  =  1 ,N  
DO 110  K  =  1 ,N  
110  COEFC(J ,K )=COEFF(J ,K )  
00  120  J  =  1 ,N  
120  Q(  J )  =1  .OCO 
CALL  DGELG(Q,COEFF,N f l , l .E - l l , IER)  
DO 130  J=1 ,N  
V{  J )  =0 .0DO 
DO 130  K=1 ,N  
130  V (J )=V(J )+COEFC(J ,KJ*0 (K)  
WRITE!6 ,140)  
CO 150  J=1 ,N  
VsRITE( 6, 160) JfQ(J)fV(J) 
150  CCNT INUE 
140  FORMAT ( ' 1 * ,15X , '  CHARGES'  ,  20X, 'P0TENCIAL '  , / / )  
160  FORMAT! '  ' , 2X , I  2»1OX,F15 .6  ,20X ,F15 .6 )  
C  
C  CCMPUTE CAPACITA^CE OF CONDUCTOR 
C 
QT=0 .JD0  
DO 170  J=1 ,N  
170  QT=QT+Q(J )  
QTC=QT»2 .ODO*PI *FER 
WRITE!  6 ,  180 )  QTfCTC 
180  FORMAT! / / / , '  ' , 1CX, 'TOTAL CHARGE ON FOUR CONDUCTORS= ' ,F15 .8 , / , 10X ,  
I 'CAP AC ITANCE =  *  ,D  15 .  8 )  
C  
c 
C COMPUTE POTENCIAL  AND F IELD DISTRIBUTION ON CONDUCTOR SURFACE 
C 
C  
c 
c 
C COMPUTE COORDINATES CF POINTS ON CONDUCTOR SURFACE 
C 
NP=8  
DO 190  K=1 ,NP 
190  BETA(K)= ( (K -1 ) *2 .0D0*P I ) /NP 
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c 
DO 250  J=1 ,N0  
V< J i  =0 .000  
00  250  K=1 ,N  
250  V (J )=V(J )  +  COEFF(J ,K )»Q(K)  
C  
C 
00  260  J=1  ,NQ 
tX (  J  )  =  0 .  000  
00  260  K= l fN  
260  EX(J I=EX(J )+COEFC(J ,K ) *Q(K)  
C 
C  
00  270  J=1 ,NQ 
EY(J  )  =  0 .0D0  
00  270  K=1 ,N  
270  EY(  J  )=EY(J )+C0EFC(  J ,K ) *Q(K)  
C 
C  
00  280  J  =  1 ,NQ 
E(J )=DSQRT(EX(J ) *EX(J )+EY(J ) *EY(J ) )  
GAMAfJ )=DA TAN2(EY(J )  ,EX(J ) )  
280  GAMA(J )= (180 .000 /P I ) *GAMA{J )  
C  
C  
c 
WRITE i6 ,300)  
WRITE(6 ,310) (V iJ ) ,EX(J ) ,EY(J ) ,E (J ) ,GAMA(J ) , J= l ,N0)  
300  FORMAT( '  • , 4X , 'P0TENCIAL ' ,13X , 'EX ' ,18X , 'EY ' ,18X , 'E ' , 18X , 'GAMA' , / / )  
310  FORMAT ( •  •  , 2X ,F10 .6 ,10X,F10o6 ,10X,F10 .6 ,10X,F10 .6 ,10X,F12 .6 )  
C 
C 
C  
STOP 
END 
150 
VII. APPENDIX B 
c 
c 
c COMPUTATION OF CAPACITANCE AND D ISTRIBUTION OF POTENCIAL  
C  AND ELECTROSTATIC F IELD ON CONDUCTOR SURFACE 
C FOR SPL IT  BUNDLE TRANSMISSION L INE-  FOUR SUBCONUCTORS IN  EACH 
C SUBBUNDLE -ABOVE GROUND 
C 
C  
IMPL IC IT  REAL*8 (A-H ,0 -Z )  
D IMENSION ALPHA*  LS I  ,  XCl  (  60  )  t  YC1 (  60  ) ,  XQK 60 )  ,YQI (60 )  
D IMENSION COEFF(60 ,60 ) ,COEFC(60 ,60 ) ,Q(60 ) ,V (60 )  
D IMENSION COEFD*  60 ,601 ,EX(  60 ) ,  EY{60 )  ,E  (60 ) ,GAMA(  60 )  
D IMENSION BETA(8 )  
C  
D IMENSION L (60 ) ,M(60 )  
C 
READ(5 ,6 )  PER 
6  F0RMAT(D15 .4 )  
READ (5 ,5 )  H ,R ,A ,  6 ,5  
5  FORMAT(5F10 .2 )  
C  
C  
C  
P I=3 .141592653589793  
SS=2 .0D0*S  
P2=R/2 .0D0  
C 
C  
c 
WRITE(6 ,10 )  H ,R ,A ,B ,SS 
WRITE(6 ,11 )  PER 
WRITE(6 ,12 )  P2  
10  FORM AT ( ' l ' , / / , 10X , 'CONDUCTOR HEIGHT* ' ,F10 .2 , / / , 10X , 'CONDUCTOR RAOI  
1US =  *  ,F10 .2 , / / , 10X ,«SUBCONDUCTOR HORIZONTAL SEPERAT 10N= ' ,F  10 ,2 , / / , 1  
20X, *SUBCONDUCTOR VERTICAL SEPERATI0N= ' ,F10 .2 , / / , lOX, •BUNDLE SEPERA 
3T I0N=« ,F10 .2 , / / »  
11  FORMAT ( '  ' , iOX, 'PERMIT IV ITTY =  ' ,E12 .4 , / / )  
12  FORMAT( '  ' , 10X , *CHARGE RADIUS=• ,F6 .3 , / / )  
u 
C 
c 
N=60  
NN=N/4  
DO 15  K=1 ,NN 
15  ALPHA(K»=(  (K -1  ) *2 .0D0*Pn /NN 
c 
c 
C COMPUTE COORDINATES OF POINTS ON CONDUCTOR SURFACE 
C 
C 
DO 20  J1=1 ,NN 
XC1(J1 )=S+(A /2 .0D0)+ (R*DC0S(ALPHA!J l ) ) )  
20 YCK J l )  =  H+(  8 /2 .000 )  + (R*DSIN(  ALPHA!  JD)  )  
DO 30  J1=1 ,NN 
J2=J1  +  NN 
XC l l J2 )=S- (A /2 .0CO) t (R*DCOS(ALPHA(J l ) ) )  
30  YCK J2 )  =  YC1(J1»  
DO 40  J l= l  iNN 
J2=J1+NN 
J3=J l+ (2*NNf  
XCK J3 )  =  XCKJ2)  
40  YCK J3 )=H- (B /2 .0C0)  +  (R*DSIN(  ALPHA!  J l ) )  )  
DO 50  J l  =1  ,NN 
J2=J1+NN 
J3=J1+(2*NNI  
J4=J1+ !3*NN)  
XCK J4 )  =  XCK J l )  
50  YCK J4 )=YC1(J3 )  
C  
C  
C  COMPUTE COORDINATES OF CHARGES INSIDE CONDUCTOR 
C 
c o . . .  
DO 60  K1=1 ,NN 
XQ1(K1)=S+(A /2 .0D0)+ (P2*DC0S(ALPHA(K1) ) )  
60  YQ1(K1)=H+(B /2 .0D0)+ (P2*DSIN(ALPHA(K1 I ) )  
00  70  K1=1 ,NN 
K2=K1+NN 
XQK K2)  =  S - (A /2 .000)+ (P2*DCOS(ALPHA(K1#) )  
70  YQ1(K2)  =  YQ1{KU 
DO 80  K1=1 ,NN 
K2  =  K1+NN 
K3=K1+(2*NN)  
XÛ1{K3)  =  XQI (K2)  
80  YQl (K3)=H- (B /2 .000 l+ (P2*DSIN(ALPHA(K1)n  
DÛ 90  K1=1 ,NN 
K2=K1+NN 
K3=K1+(2*NN)  
K4=K1+(3*NN)  
XQUK4)  =  XQ1(K1 I  
90  YQUK4)  =  YQ1(K3 I  
C  
C  
C  CCMPUTE CHARGE COEFFIC IENT MATRIX  
C 
C  
DO 100  J=1 ,N  
00  100  K=1 ,N  
X1=XCH J  ) -XyJ l (K )  
Y l=YCU J  J -YQKK)  
X2=XC1(J )+XQ11K)  
Y2=YC1(J )+YQ1(K)  
Z i=X l *X l+Y l *Y l  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y l *Y i  
Z4=X2*X2+Y2*Y2  
100  COEFF(J ,K )=DL0G( (Z2*Z4) / (Z l *Z3 ; ) /2 .000  
C 
C 
C  SOLVE FOR CHARGES AND CHECK ACCURACY OF RESULTS 
C 
C  
DO 110  J=1 ,N  
DO no K =  1 ,N  
110  COEFC(J ,K )=COEFF(J ,K )  
DO 120  J=1 ,N  
120 QlJ)=1.000 
CALL DGELG(Q,C0EFF,N ,1 , I .E -11 ,1ER» 
DO 130  J=1 ,N  
V(J )=0 .0D0  
DO 130  K=1 ,N  
130  V (J )=V(J )  +  COEFC(J ,K ) *Q(K)  
WRITE(6 ,140)  
DO 150  J=1 ,N  
WRITE(6 ,160)  J ,Q(J» ,V (J )  
150  CONTINUE 
140  FORMAT C l»  ,15X, 'CHARGES'  ,  20X,  •  POTE NC IAL»  , / / )  
160  FORMATC •  ,  2X,  12  ,  lOX,  F  15  .  6 ,  20X ,  F 15  .  6 )  
C  
C  COMPUTE CAPACITANCE OF CONDUCTOR 
C 
QT=0 .0D0  
DO 170  J=1 ,N  
170  QT=QTfQ(J )  
QTC=QT*2 .000*P I *PER 
W%ITE(6 ,180 I  QTfQTC 
180  FORMAT! / / / , '  ' , 10X , 'TOTAL CHARGE ON FOUR CONDUCTORS=• ,F15 .8 , / , lOX,  
l 'CAPACITANCE= '  ,D15 .8 )  
C 
C  
C  COMPUTE POTENCIAL  AND F IELD DISTRIBUTION ON CONDUCTOR SURFACE 
c 
C COMPUTE COORDINATES OF POINTS ON CONDUCTOR SURFACE 
C 
NP =  8  
DO 190  K=1 ,NP 
190  BETA(K)  =  ( (K -1 ) *2 .0D0*PH/NP 
DO 200  J l= l fNP 
XCU J1  )  =  S  +  (A /2 .0D0)  +  (R*DC0S(8ETA(J1 )  )  )  
200  YCU J1 )  =  H+(B /2 .0D0)  +  (R*DSIN(8ETA(J1 I  )  )  
00  210  J  1=1  fNP 
J2=J1+NP 
XC l l  J2  )=S- (A /2 .0CO)  +  (R*DCOS(BETA(J1 )  )  )  
210  YCK J2 )  =  YC1(J1  )  
DO 220  J1=1 ,NP 
J2  =  J1  +  NP 
J3=J1+(2*NP)  
XCK J3 )  =  XC1(  J2 )  
220  YC1(J3 )=H- (B /2 .0D0)+ (R*DSIN(BETA(J1 ) ) )  
DO 2  30  J1=1 ,NP 
J2=J1+NP 
J3=J1+(2*NP)  
J4=J1+(3*NP)  
XCU J4 )  =  XC1(  J I J  
230  YC1(J4 )=YC1<J3)  
C  
C  
C  
NQ=4*NP 
DO 240  J=1 ,N0  
DO 240  K=1 ,N  
X1=XC1(J ) -XQl (K )  
X2=XCl (J ) fXQ l (K )  
Y l=YCl l J ) -YQ l (K )  
Y2=YCi (J )+YQl (K )  
Z1  =  X1*X1+Y1*Y1  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
COEFFtJ ,K I»DLOG(  (Z2»Z4 I / (Z l *Z31» /2 .000  
C0EFC(J ,K )= (X1 /Z1)  +  (X2 /Z3 ) - (X1 /Z2 ) - (X2 /Z4 )  
240  C0EFD(J ,K )= (Y1 /Z1)+ (Y1 /Z3) - (Y2 /Z2 ) - (Y2 /Z4 )  
C 
C  
C  
DO 250  J=1 ,NQ 
V(J )=0 .000  
DO 250  K=1 ,N  
250  V (J»=V(J )+COEFF{J ,K ) *Q(K I  
C 
C  
DO 260  J=1#N0 
EX(J )=0 .0D0  
DO 260  K=1 ,N  
260  EX(J )=EX(J )+COEFC(J ,K ) *Q(K)  
c c; 
C 
no  270  J=1 ,N0  
EY(J )  =  0 .GD0 
on  270  K=1 ,N  
270  EY(J )=EY iJ )+COEFC(J ,K l *Q(K I  
C 
C  
DO 280  J=1 ,NQ 
E(J )=DSQRT(EX(J ) *EX(J )+EY(J»*EY(J ) )  
GAMAU )  =  DATAN2(EY{  J  )  f  EX(  J )  » 
280  GAMA{J )= (180 .0D0 /P I ) *GAMA(J»  
C 
C  
c 
kRITE(6 ,300)  
WR1TE(  6 ,  310)  I  VU ) ,EX(  J )  ,EY<  J» ,e (  J )  ,G4MA(JB ,J=1 ,N0)  
300  FORMAT (  •  •  »4X ,  »  PCTENCI  AL*  »  13X ,  •  EX»  ,  I8X»  •  EV«  »  i 6X»  'E ' , 18X , 'GAMA* , / / )  
310  FORMAT( •  * , 2X ,F10 .6 ,10X,F10 .6 ,10X,F10 .6 ,10X,F10 .6 ,10X,F12 .6 )  
C 
C  
C  
STOP 
END 
ui 
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VIII. APPENDIX C 
c 
c  COMPUTER PLOTTING OF EQUIPOTENCIAL  L INES FOR FOUR-BUNDLE 
C B IPOLAR L INE 
C 
IMPL IC IT  REAL*8 (A-H ,0 -Z )  
REAL*4  X (23» ,Y(23 ) ,BETA 
REAL*4  XX(  4 ) /17 .  , 17 . ,41 . ,41 . / ,YY(4 ) / I7 . ,41 .  , 41 . ,  17 . /  
REAL*4  DATE(7 ) ,PARM( I l  » ,VMS(81 ,81 )  
CALL  LABEL(DATE,PARM,NPARM)  
D IMENSION ALPHA(  15 ) ,XC l (60 ) ,YC l (60  » ,XQl (60 ) ,YQ1(6ÙI  
D IMENSION C0EFF(60 ,60 ) ,COEFC(60 ,60 ) ,Q(60 ) ,V (60 )  
D IMENSION VM(59 ,59 )  
EQUIVALENCE (  VMSU ,  1J  ,  COEFF (1 ,11  )  
C  
D IMENSION L (60 ) ,M(60 )  
C 
READ(5 ,6 )  PER 
6  F0RMAT(D15 .4 )  
READ(5 ,5 )  H ,R ,A ,  B ,S  
5  FORMAT (5F10 .2 )  
C 
C  
C  
P I  =3 .141592653589793  
SS=2  .ODO*S 
P2=R/2 .0D0  
C 
C  
C 
WRITE(6 ,  10 )  H ,R ,A ,B ,SS 
WRITE(6 ,11 )  PER 
WRITE(6 ,12 )  P2  
10  FORMATC 1*  , / / , 10X ,  «CONDUCTOR HE I  GHT= « ,  F I  0 .2 , / / ,  lOX,  «CONDUCTOR RADI  
1US =  « ,F10 .2 , / / , lOX, 'SUBCONDUCTOR HORIZONTAL SEPERATI0N=• ,F10 .2 , / / , 1  
20X, 'SUBCONDUCTOR VERTICAL SEPERATI0N=• ,F10 .2 , / / , lOX, •BUNDLE SEPERA 
3T I0N =  ' ,F  10 .2 , / / )  
11  FORMATC * ,10X , 'PERMIT IV ITTY =  ' ,E12 .4 , / / )  
12  FORMAT(*  * ,10X , 'CHARGE RADIUS '» ,F6 .3 , / / )  
L 
C 
C 
N=60  
NN=N/4  
DO 15  K=1 ,NN 
15  ALPHA(K»= I  (K -1 ) *2 .0D0»PI ) /NN 
C 
C 
c COMPUTE COORDINATES OF POINTS ON CONDUCTOR SURFACE 
C 
C  
DO 20  J1=1 ,NN 
XCK J1 )=S+(A /2 .0D0)  +  (R*DC0SI  ALPHAC JD)  )  
20  YC1(J1 )=H+<B/2 .0D0)+ (R*DSIN(ALPHA*J l ) ) )  
DO 30  J1=1 ,NN 
J2  =  J  1+NN 
XCK J2 )=S- (A /2 .0C0)  +  (R*DC0S(  ALPHA!  J l ) )  )  
30  YC1(J2 )=YC1(J1 )  
DO 40  J1=1 ,NN 
J2=J1+NN 
J3=J1+(2*NN)  
XCK J3»  =  XC1(J2 I  
40  YCK J3 )  =  H- (B /2 .0DO)+(R*DSIN(ALPHA(  J l i l  I  
DO 50  J1=1 ,NN 
J2=J1+NN 
J3=J1+(2*NN)  
J4=J1+(3*NN)  
XC l *J4 )=XC1(J l )  
50  YCK J4 )  =  YC1(  J3 )  
C 
C  
c COMPUTE COORDINATES OF CHARGES INSIDE CONDUCTOR 
C 
C  
DO 60  K1=1 ,NN 
XQi (  K l  J  =  S+(A /2  .ODO)  +  IP2«0C0S(  ALPHA( IK l )  )  )  
60  YQ1(K1)=H+(B /2 .0D0)+ (P2*DSIN(ALPHA(K1) ) )  
DO 70  K1=1 ,NN 
K2=K l+NN 
XQK K2J  =  S - (A /2 .0D0)  +  (P2*DC0S(ALPHA<KU ) )  
70  YQl {K2)=YQl (K l i  
DO 80  K1=1 ,NN 
K2=K1+NN 
K3=K1+(2*NN)  
XQl (K3)=XQl (K2 j  
80  YQl (K3)=H- (B /2 .000)+ (P2*0SIN(ALPHAIK I )n  
DO 90  K1=1 ,NN 
K2=K1+NN 
K3=K1+(2*NN)  
K4  =  K l+ (3*NNf  
XQK K4)  =  XQ1CK1J  
90  YQ1(K4)=YQ1(K3)  
C  
c 
C COMPUTE CHARGE COEFFIC IENT MATRIX  
: ^ 
DO 100  J=1 ,N  
DO 100  K=1 ,N  
X l=XCl i J ) -XQ l (K )  
Y1=YC1(  J ) -YQ l (K )  
X2=XC1(  J l  +  XQKK)  
Y2=YCU J  )  +  YQl (  K )  
Z1=X1*X1+Y1*Y1  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
100  COEFF(J ,K )=DLOG(  (Z2*Z3) / (Z1*Z4* ) /2 .0D0  
C 
C 
C  SOLVE FUR CHARGES AND CHECK ACCURACY OF RESULTS 
C 
DO 110  J  =  1 ,N  
DO 110  K  =  1 ,N  
110  COEFC(J ,K )=COEFF(J ,K )  
DO 120  J  =  1 ,N  
120  Q(J )=1 .0D0  
CALL  DGELG(Q,C0EFF,N ,1 ,1 .E -11 , IER)  
DO 130  J=1 ,N  
V(J )=0 .000  
DO 130  K=1 ,N  
130  V (J l=V(J )+COEFC(J fK ) *Q(K)  
WRITE(6 ,140)  
00  150  J=1 ,N  
WRITE(6 ,160)  
150  CONTINUE 
140  FORMAT* '1 ' , 15X , •CHARGES' ,20X , 'POTENCIAL ' , / / )  
160  FORMAT* '  • , 2X , I  2  ,10X .F15 .6  ,20X ,F15 .6 )  
C 
C  COMPUTE CAPACITANCE OF CONDUCTOR 
C 
QT=0 .000  
DO 170  J=1 ,N  
170  QT=QT+Q(J )  
QTC=QT*2 .0D0*P I *PER 
WRITE*  6 ,180 )  QT.QTC 
180  FORMAT* / / / , '  ' , 10X , 'TOTAL CHARGE ON FOUR CONDUCTORS= ' ,F15 .3 , / , lOX,  
l 'CAPACITANCE= ' ,D15 .8 )  
C 
C  
C  COMPUTE POTENCIAL  AT  GRID POINTS AROUND SUBCONOUCTORS 
C 
C  
NX =  59  
NY=59  
XC =  S - (A /2 .0D0) -R-15 .0D0  
DO 200  1=1 ,NX 
YC=H-*B /2 .ODO) -R- i5 .000  
00  210  J=1 ,NY 
IFd .LT . lT )  
IF ( I .GT .19 )  
IFU.LT .17 )  
IF (J .GT.19 )  
GO TO 101  
105  IF (J .LT .41 I  
IF (J .GT.43 )  
GO TC 103  
GO TC 104  
GO TO 103  
GO TC 105  
GO TO 103  
GO TC 103  
GO TO 101  
104  IF ( I . LT .41 )  GO TC 103  
IF ( I  .GT .43 )  GO TC 103  
IF (J .LT .  17 )  GO TC 103  
IF i J .GT .  19 )  GO TC 106  
GO TO 101  
106  IF (J .LT .41 I  GO TC 103  
IF {J .GT.43 )  GO TC 103  
GO TO 101  
103  VM( I , J )=0 .0D0  
DO 220  K=1 ,N  
X1=XC-XQ1(K)  
Y1=YC-YQ11K)  
X2  =  XC+XQ1(K)  
Y2=YC+YQ1(K)  
Z1=X1*X1+Y1*Y1  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
COEF=OLOG((Z2*Z3) / (Z1*Z4) ) /2 .0D0  
220  VM( I , J )=VM( I , J )+COEF*Q(K)  
GO TO 102  
101  VMI I  f  J )  =  1 .000  
102  YC=YC+1.0D0  
210  CONTINUE 
XC=XC+1.0D0  
200  CONTINUE 
260 
250 
C 
251  
333  
C 
C  
301  
302 
00  250  1=1 ,NX 
WRITE (6 ,  260)  (  VMl  I ,  J  )  ,  J  =  1  ,NY )  
FORMATi l2F10 .6 )  
CCNT INUE 
DC 251  1=1 ,NX 
DO 251  J=1 ,NY 
VMS( I , JJ=VM( I , J )  
WRITE(7 ,333) ( (VMS( I , J ) , J=1 ,NY) ,1=1 ,NX)  
FORMAT(20A4J  
CALL  CONTUR(VMS,58 ,58 ,0 .90 ,0 .02 ,0 .98 ,1 ,10 .0 ,1 .0 ,90 .0 )  
NPT=21  
X (NPT+1)=0 .0  
X (NPT+2)=5 .8  
Y iNPT+1»  =0 .0  
Y INPT+2J  =5 .8  
P I=3 .141592653589793  
R =  2 .  0  
DO 302  J= l ,4  
00  301  1=1 ,NPT 
BETA =  1  ! - ! ) * (  2 .0 *P I ) / (NPT-1 )  
X ( I *=XX(J )+ (R*COS(BETA) )  
Y ( I )=YY iJ )+<R*S IN(BETA) )  
CALL  L INE(X ,Y ,NPT,1 ,0 ,1 )  
CALL  ENDPLT 
STOP 
END 
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APPENDIX D 
c COMPUTER PLOTTING OF EQUIGRAOIENT L INES FOR FOUR-BUNDLE 
C B IPOLAR TRANSMISSION L INES,  
C .  
IMPLIC IT  REAL*8 iA -H ,0 -Z )  
REAL*4  X (23 ) ,Y (23 ) ,BETA 
REALXX(4 ) /22 . ,22 . ,46 . ,46 . / ,YY(4 l /17 . ,41 . ,41 . ,17 . /  
REAL*4  DATE(7 ) ,PARM( i l * ,EMS(81 ,81J  
CALL  LABEL(DATEf  PARM I NPARM)  
D IMENSION ALPHA(151 fXC l (601 ,YCI I60 I ,XQ1{60» ,YQI t  601  
D IMENSION C0EFF(60 ,60 ) ,C0EFC(60 ,60 ) ,Q(60 ) ,V (60 )  
D IMENSION EM(59 f59 )  
EQUIVALENCE (EMS(1 ,1J ,C0EFF(1 ,1 ) )  
C  
D IMENSION L (60 ) ,M(60 )  
C 
READ(5 ,6 )  PER 
6  FORMAT (015 .4 )  
REA0(5 f5 )  H ,R ,A ,B ,S  
5  FORMAT (5F10 .2 )  
C 
C  «  
c 
PI=3 .141  592653589793  
SS=2 .0D0*S  
P2=R/2 .0D0  
C 
C 
C  
WRITE(6 ,10 )  H ,R ,A ,B ,SS 
WRITE(6 , i l )  PER 
WRITE(6 ,12 )  P2  
10  FORMAT( '1 ' , / / , 10X , 'CONDUCTOR HEIGHT= ' ,F10 .2 , / / , 10X , 'CONDUCTOR RADI  
1US= ' ,F10 .2 , / / , 10X , 'SUBCONDUCTOR HORIZONTAL SEPERATION= ' ,F10 .2 , / / , 1  
20X, 'SUBCONDUCTOR VERTICAL SEPERATI0N= ' ,F10 .2 , / / , 10X , 'BUNDLE SEPERA 
3T I0N =  '  ,F10 .2 , / / )  
11  FORMAT( '  ' f lOX , •PERMIT IV ITTY= ' ,E12 .4 t / / )  
12  FORMAT(»  • f lOX, 'CHARGE RADIUS= ' ,F6 .3 , / / I  
c 
N=60  
NN=N/4  
DO 15  K=1 ,NN 
15  ALPHA(K}= ( (K -1 ) *2 .0D0*P I ) /NN 
C 
C 
c COMPUTE COORDINATES OF POINTS ON CONDUCTOR SURFACE 
C 
C  c  
DO 20  J l= luNN 
XCK J1 I  =  S+(A /2 .ÛD0)  +  (R*DCGS(ALPHA(  J i n  )  
20  YCK J l l=H+(B /2 .0D0)+ {R«DSIN(ALPHAt  JD)  I  
00  30  J l= l ,NN 
J2=J1+NN 
XCK J2  )  =  S - (A /2  .OCO » +  (R*DCOS(  ALPHAi  J l )  )  )  
30  YCK J2 )=YC1(  J l )  
DO 40  J1=1 ,NN 
J2=J1+NN 
J3=J  1+ (2*NN)  
XCK J3 )=XC1(J2 )  
40  YCK J3 )  =  H- (B /2 .ÛD0)  +  (R*DSIN(ALPHA(  J l ) ) )  
DO 50  J1=1 ,NN 
J2=J1  +  NN 
J3=J1+(2*NN)  
J4=J1+(3*NN)  
XCK J4 )  =  XC1{J1 )  
50  YCK J4 )  =  YCKJ3)  
C 
C  
c COMPUTE COORDINATES OF CHARGES INSIDE CONDUCTOR 
C 
C  
CO 60  K1=1 ,NN 
XQl (K l )  =  S+(A /2 .000)  +  (P2*DC0S(ALPHA(K l )  ) )  
60  YQKKl )  =  H+(B /2  .0D0)  +  (P2*DSIN(ALPHA(K1) ) )  
DO 70  K l= l tNN 
K2=K1+NN 
XQ1(K2*=S- (A /2 .0DO;+ (P2*DCOS(ALPHA(K1) ) l  
70  YQ1(K2)  =  YQ1(K1 I  
DO 80  K l= l fNN 
K2=K1+NN 
K3=K1+(2*NN)  
XQK K3 I=XQ1IK2>  
80  YQK K3)  =  H- {B /2 .000  )+ (P2«0S I  N(  ALPHA (K l )  ) )  
DO 90  K1=1 ,NN 
K2=K1+NN • 
K3=K1+(2*NN)  
K4=K1+(3*NN)  
XQ1(K4)  =  XQ1(K1)  
90  YQl (K4 i=YQl (K3J  
C 
c 
C COMPUTE CHARGE COEFFIC IENT MATRIX  
C  
C  
00  100  J=1 ,N  
00  100  K=1 ,N  
X1=XC1(J I -XQl  (K l  
Y1=YC1(  J  ) -YQ l (K )  
X2=XC1(J )+XQ1(K)  
Y2=YC1<J)  +  YQ1(K)  
Z1=X1*X1+Y1*Y1  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
100  COEFF(J ,K )=DLOG<(Z2*Z3) / (Z1*Z4* ) /2 .0D0  
C 
C 
C  SOLVE FOR CHARGES AND CHECK ACCURACY OF RESULTS 
C 
C  
DO 110  J=1 ,N  
CO 110  K  =  1 ,N  
110  COEFC< J ,K )=COEFF I J ,K I  
DO 120  J=1 ,N  
120  Q(J )=1 .0DO 
CALL  DGELG(Q,C0EFF,N ,1 ,  l .E - l l , IER)  
DO 130  J=1 ,N  
V(  J )  =0 .000  
DO 130  K=1 ,N  
130  V (J )=V(J )  +  COEFC(J ,K ) *Q(K)  
WR1TE{6 ,140)  
DO 150  J=1 ,N  
WRITE(6 ,160)  J tQ(J l tV (J )  
150  CONTINUE 
140  FORMATC 1»  ,15X , 'CHARGES'  , 20X , •  POTENCIAL*  » / / )  
160  FORMATC •  ,  2X,  I  2 ,  lOX,  F15 .  6 ,  20X,  F15  . 6  )  
C 
C  COMPUTE CAPACITANCE OF CONDUCTOR 
C 
QT=O.ODO 
DO 170  J=1 ,N  
170  QT=QT +  Q(J )  
QTC=QT*2 .0D0*P I *PER 
WRITE(6 ,  180 i  QT,  QTC 
180  FORMAT! / / / , '  ' , 10X , 'T0T1L  CHARGE ON FOUR CONDUCTORS=• ,F15 .8 , / , lOX,  
1«CAPACITANCE=«,D15 .8 )  
C  «  
C  
C COMPUTE F IELD DISTRIBUTION AROUND CONDUCTOR SURFACE 
C 
C  
c 
NX=59  
NY=59  
XC=S- (A /2 ,000) -R-20 .0D0  
DO 2  00  I  =1 ,NX 
YC=H- (  B /2 .0D0) -R-15 .0D0  
DO 210  J=1 ,NY 
c  I F ( I . L T . 2 2 I  
I F < I . G T . 2 4 )  
I F ( J . L T . 1 7 )  
I F i J . G T .  19»  
G O  T O  1 0 1  
1 0 5  I F ( J , L T . 4 1 I  
GO TC 103  
GO TO 104  
GO TO 103  
GO TC 105  
GO TQ 103  
IF (J .GT.43 I  GO TC 103  
GO TO 101  
104  IF ( I . LT .46J  GO TC 103  
IF ( I .GT .48 )  GO TO 103  
IF (J .LT .17 )  GO TO 103  
IF (J .GT.  191  GO TC 106  
GO TO 101  
106  IF (J .LT .41J  GO TO 103  
IF (  J  .GT .43 )  GO TO 103  
GO TO 101  
103  EX=0 .000  
EY=0 .0D0  
00  2  20  K=1 ,N  
X1=XC-  XQ l (K )  
Y1=YC-YQ1(K)  
X2=XC+XQ1(K)  
Y2=YC+YQ1(K)  
Z1=X1*X1+Y1*Y1  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
COEC =  (X l /Z l )+ (  X2 /Z4 ) - (X1 /Z2 ) - (X2 /Z3 )  
COEO=(YL /Z l )+ (Y2 /Z4 ) -CY2 /Z2) - (Y1 /Z3 )  
EX=EX+C0EC*0(K)  
220  EY=EY+COED*Q(K)  
EM( I , J )=DSQRT(EX*EX+EY*EY)  
GO TO 102  
101  EM( I  f J )=0 .05D0  
102  YC=YC+1.0D0  
210  CONTINUE 
XC=XC+1.  ODO 
200  CCNTINUE 
C 
C  
CO 250  1=1 ,NX 
WRITE(6 ,260) (EM( I , J ) , J=1 ,NY»  
260  F0RMAT<12F10 .6 )  
250  CCNTINUE 
C 
00  251  1=1 ,NX 
DO 251  J=1 ,NY 
251  EMS( I , J )=EM( I , J )  
HRITE(7 ,333) ( iEMS( I , J ) , J=1 ,NY) ,1=1 ,NXI  
333  FORMAT (20A4)  
C 
CALL  CCNTUR(EMSf  58 ,58 ,0 ,0085 ,0 ,0020 ,0 .0205 ,1 ,  10 .0 ,1 .0 ,90 .0»  
C 
NPT=21  
X (NPT+1)=0 .0  
X (NPT+2)=5 .8  
Y(NPT+1)  =0 .0  
Y(NPT+2)=5 .8  
P I=3 .141592653  589793  
R=2 .  0  
00  302  J= l ,4  
DO 301  1=1 ,NPT 
BETA =  (  I - i ) *<2 .0 *P I ) / (NPT- l )  
X ( I )=XX(J )+ (R*COS(BETA) )  
301  Y(  n  =YY(  JJ  KR*S IN(BETA)  )  
302  CALL  L INE(X ,Y ,NPT,1 ,0 ,1 )  
CALL  ENDPLT 
C 
STOP 
END 
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APPENDIX E 
COMPUTATION OF ELECTRIC F IELD AND POTENCIAL  ON CONDUCTOR SURFACE 
FOR TWIN-BUNDLE UNIPOLAR STRANDED CONDUCTOR ABOVE GROUND 
IMPLIC IT  REA l *8 (A-H ,0 -Z )  
D IMENSION ALPHA(  60 )  ,  XCK 60»  ,YCH60)  ,  XQK 60 )  ,YQH60)  
D IMENSION C0EFF(60 ,60 ) ,C0EFC(60 ,60 ) ,Q(60 ) ,V (60 )  
D IMENSION COEFD(60 t60 ) ,BETA(30) ,EX(60 ) ,EY(60 ) iE (60 ) tGAMA(60)  
D IMENSION L (60 ) ,M(60 )  
READ(5 ,5 )  H ,R ,A ,N  
READ(5 ,6 )  PER 
5  F0RMAT(3F15 .6 , I2 )  
6  F0RMAT(D15 .4 )  
P I=3 .14159265358S793  
AA=2 .000*A  
A1=R*DSIN(P I /N)  
B1=1 .000+DSIN(P I /N)  
SR=A1/B l  
P1=R- (SP/2 .0D0)  
P2=R/2 .0D0  
WRITE(6 ,10 )  H ,R ,AA,SR,N 
WRITE(6 ,11 )  PER 
WRITE!6 ,12 )  P1 ,P2  
10  FORMATC l ' , / / , I 0X , 'CONDUCTOR HE I  GHT= • ,  F10 .4 , / / ,  1  OXCONDUCTOR RADI  
1U5  =  '  ,F IG .4 , / / , lOX, •BUNDLE SEPERATI  ON =  • ,F  10 .4 , / / , lOX, •STRAND RADIUS 
2=* ,F10 .4 , / / , 10X , 'NUMBER OF STRANDS IN  OUTER LAYER= ' ,12» / / )  
11  FORMAT* '  ' , 10X , 'PERMIT IV ITTY=* ,E15 .4 , / / )  
12  FORMATC ' , 10X , 'CUTER CHARGE RADIUS= ' ,F15 .8 , / / , 10X , *  INNER CHARGE R 
1A0 IUS= ' ,F15 .8 I  
c 
B=DSQRT(R*R-2.0DO*SR*R) 
NN=2*N 
00  15  K=1 ,NN 
15  ALPHA(K)= ( (K -1 ) *2 .0D0*P I ) /NN 
C 
C 
c COMPOTE COORDINATES OF POINTS ON CONDUCTOR SURFACE 
C 
C  
DO 20  K=1 ,N  
J  =  2 *K-1  
J1~ j + 1 
XCK J I=R-DCOS(  ALPHA(  J )  )+A  
XCU J l )  =  B*OCOS(ALPHAfJ l )  )+A  
YC1(J )=R*DSIN(AL  PHA(J )  )+H  
20  YCKJ1)=B*DSIN(ALPHA(J l ) )+H 
C 
C 
c COMPUTE COORDINATES OF CHARGES INSIDE CONDUCTOR 
C 
C  
DO 30  J=1 ,N  
K =  2 *J -1  
K1=K+1  
XQ1(K*=P1»DC0S(ALPHA(%) )+A  
XQ1(K1)=P2*DC0S(ALPHA(K l ) )+A  
YQ1(K)=P1*DSIN(ALPHA(K) )+H 
30  YQl (K i )=P2*DSIN<ALPHA(K l ) )  
C  »  
C  
C  COMPUTE CHARGE COEFFIC IENT MATRIX  
C 
DO 40  J=1 ,NN 
DO 40  K=1 ,NN 
X1=XC1(J ) -XQl (K )  
Y1=YC1(J ) -YQl (K )  
X2  =  XC1(  J )  +  XQ1(K)  
Y2=YC1{J )+YQ1(K)  
Z1=X1*X1+Y1*Y1  
Z2=X1*X1+Y2*Y2  
Z3=X2*X2+Y1*Y1  
Z4=X2*X2+Y2*Y2  
40  COEFF(J ,K )=OLOG( (Z2*Z4 l / (Z l *Z3 ) ) /2 .000  
C 
C 
C  SOLVE FOR CHARGES AND CHECK ACCURACY OF RESULTS 
C 
C 
DO 50  J=1 ,NN 
00  50  K=1 ,NN 
50  COEFCtJ ,K )=COEFF(J»KI  ^  
DO 60  J=1 ,NN 
60  Q(J )=1 .0C0  
CALL  DGELG(QtCOEFF,NN, l , l .E - l l , IER)  
DO 70  J=1 ,NN 
V< J )  =0 .000  
DO 70  K=1 ,NN 
70  V(J )=V(J )+COEFC(J ,K ) *Q(K)  
WRITE!6 ,80 )  
DO 90  J=1 ,NN 
WRITE(6 ,100)  J ,Q(J ) ,V I  J )  
90  CONTINUE 
80  FORMAT! '1» ,15X, 'CHARGES' ,20X , 'P0TENCIAL ' , / / )  
100  FORMAT! *  • , 2X , I  2  , 10X ,F10 .6 ,20X,F10 .6 )  
C 
C  COMPUTE CAPACITANCE OF CONDUCTOR 
C 
QT=O.ODO 
DO 95  J= l fNN 
95  QT=QT+Q(J )  
Q T B = 2 . 0 D 0 * Q T  
Q T C  =  Q T B * 2 . 0 D 0 * P I * P E R  
WRITE(6f96) QTBfQTC 
9 6  F O R M A T * / / / , '  ' , 1 0 X , ' T O T A L  C H A R G E  O N  B O T H  C O N D U C T O R : ' , F 1 5 . 8 , / , 1 0 X , '  
1 C A P A C I T A N C E = ' , D 1 5 . 8 I  
C  
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
c 
h H = 2  . O D O * H  
D D = D S Q P T ( R * A A i  
C C = D L O G { H H / D O )  
B B = 1 . 0 0 0 / C C  
Q T T = B B * 2 . 0 D 0 * P I * P E R  
W R I T E ( 6 , 9 7 )  B B , Q T T  
9 7  F O R M A T ( '  ' , 1 0 X , ' T O T A L  C H A R G E  B Y  T H E O R Y  =  ' , F 1 5 . 8 , / , l O X , ' C A P  A C  I  T A N C E  
I B Y  T H E 0 R Y = ' , D 1 5 .  £ )  
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C  
C  C O M P U T E  P O T E N C I A L  A N D  F I E L D  D I S T R I B U T I O N  O N  C O N D U C T O R  S U R F A C E !  
C  
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
T H E T A = D A R S  I N ( S R /  ( R - S R )  )  
P H I = T H E T A + ( P I / 2 . O D D )  
P H I L = P H I / 1 0 . 0 D O  
C  
1 = 1 
A N G L E = O o O D O  
1 7 0  H 1 = R - S R + ( S R * D C 0 S  ( A N G L E ) )  
V 1 = S R * D S I N ( A N G L E )  
H V l = H i * H i + V l * V l  
B 1 = D S Q R T ( H V 1 )  
T 1 = 0 A T A N 2 ( V I , H 1 )  
C  
C  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
D C  1 2 0  K = 1 , N  
1 2 0  B E T A ( K ) = ( K - 1 ) * ( 6 . 2 8 3 2 0 D 0 / N >  
L 
C  C O M P U T E  C O O R D I N A T E S  O F  P O I N T S  O N  C O N D U C T O R  S U R F A C E  
C  
D O  1 2 5  K = 1 , N  
J = 2 * K - 1  
J 1 = J + 1  
X C l ( J j = B l * D C O S ( B E T A ( K ) - T l ) + A  
X C K  J l »  =  B l * D C O S i  B E T A ( K ) + T 1 ) + A  
Y C 1 ( J ) = H  +  ( B 1 * D S I N ( B E T A ( K ) - T 1 ) )  
1 2  5  Y C K  J I )  =  H + ( B 1 # D S  I N (  B E T A ( K ) + T 1 )  )  
C  
C  C O M P U T E  C H A R G E  C O E F F I C I E N T  M A T R I X  
C 
D O  1 3 0  J = l i N N  
D O  1 3 0  K = 1 , N N  
X1=XC1(J)-XQl(KI 
Y 1 = Y C 1 ( J ) - Y Q 1 ( K )  
X 2 = X C 1 ( J ) + X Q l { K )  
Y 2 = Y C 1 ( J ) + Y Q l ( K )  
Z 1 = X 1 * X 1 + Y 1 * Y 1  
Z 2 = X 1 * X 1 + Y 2 * Y 2  
Z 3 = X 2 * X 2 + Y 1 * Y 1  
Z 4 = X 2 * X 2 + Y 2 * Y 2  
C O E F F ( J , K ) = D L O G ( ( Z 2 * Z 4 ) / ( Z 1 * Z 3 ) ) / 2 . 0 D 0  
C O E F C ( J , K I = ( X l / Z l )  +  ( X 2 / Z 3 l - ( X l / Z 2 ) - (  X 2 / Z 4 )  
1 3 0  C O E F D { J , K ) = ( Y l / Z l ) + ( Y l / Z 3 ) - ( Y 2 / Z 2 ) - ( Y 2 / Z 4 )  
C  
G  
C  
D O  1 3 5  J = 1 , N N  
V ( J ) = O . O D O  
D O  1 3 5  K = 1 , N N  
1 3 5  V ( J ) = V ( J ) + C O E F F ( J , K ) * Q ( K )  
C  
D O  1 4 0  J = 1 , N N  
E X (  J  )  =  0 . 0 D 0  
D O  1 4 0  K = 1 , N N  
1 4 0  E X (  J )  =  E X ( J K C O E F C (  J f K ) * Q ( K }  
Ç ****************************************************************** 
D O  1 4 5  J = 1 , N N  
E Y (  J )  =  O . O D O  
D O  1 4 5  K = 1 , N N  
1 4 5  E Y ( J ) = E Y ( J » + C O E F D ( J f K ) * Q ( K i  
Q ************************************************* 
D O  1 5 0  J = 1 , N N  
E ( J ) = D S Q R T ( E X ( J ) * E X ( J ) + E Y ( J ) * E Y ( J ) )  
G A M A ( J I = 0 A T A N 2 ( E Y ( J I , E X ( J I 1  
1 5 0  G A M A ( J )  =  ( 1 8 0 . 0 0 0 / 3 . 1 4 1 6 0 0 0 ) * G A M A ( J  »  
Q ******** ******** ******************** ****************************** 
A N G L E O = ( 1 8 0 . 0 D 0 / P I ) * A N G L E  
W R I T E ( 6 , 1 5 5 )  A N G L E D  
W R I T E ( 6 , 1 6 0 )  
W R I T E ( 6 ,  1 6 5 ) ( V {  J ) f  E X (  J )  , E Y (  J ) , E (  J )  , G A M A ( J ) , J  =  1 , N N )  
1 5 5  F O R M A T * '  1 '  , 4 0 X , ' A N G L E = ' , F 1 0 . 6 , / / )  
1 6 0  F O R M A T * •  • , 4 X , ' P C T E N C I A L * , 1 3 X , ' E X ' , 1 8 X , ' E Y ' , 1 8 X , ' E ' , 1 8 X , ' G A M A ' , / / )  
1 6  5  F O R M A T * '  • , 2 X , F 1 0 . 6 , 1 0 X , F 1 0 . 6 , 1 0 X , F 1 0 . 6 , 1 0 X , F 1 0 . 6 , 1 0 X , F 1 2 . 6 )  
C  
Q **************** ******************** ****************************** 
c 
A N G L E = A N G L E + P H I L  
1 = 1 + 1 
I F * I . L E . 1 1 )  G O  T C  1 7 0  
S T O P  
E N D  
179 
APPENDIX FI 
************************************* *********************************************** 
$ J O B  I 4 2 2 9 P A R E K H , T I M E = 6 0 , P A G E S = 1 0 0  
C  
C  
C  
C  E L E C T R O S T A T I C  P O T E N C I A L  O F  A  S T R A N D E D  C O N D U C T O R - A N A L Y T I C A L  M E T H O D  
C  
C  
1  I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
2  R E A L  * 4  X S I  Z E , Y S J . Z E , X S F , X M I N t Y S F , Y M I N  
3  D I M E N S I O N  U 1 5 0 ) , C ( 4 9 ) , C ( 5 0 ) , G ( 5 0 ) , R J { 1 2 2 5 ) , A ( 5 0 )  
4  C O M M O N  / S F U M /  S (  1 2 9 )  
5  C O M M C N  / F F F W /  F ( 1 2 9 )  
à C O M M C N  / U M W U M N /  U M ( 1 2 9 , 5 0 )  
7  C O M M C N  / F F W U M N /  Y t 1 2 9 )  , Z l 1 2 9 )  
8  C O M M C N  / B L K l /  I P  
9  C O M M O N  / U M P A R /  P I , R C , R S , R F , B E T A , A A , N S  
1 0  C O M M C N  / A N G S /  B E S R H S f l E R T H  
1 1  C O M M O N  / D E G R A D /  P I N 1 8 0  
1 2  C O M M C N  / B E S A N O /  B E S N(50)t A N û (50)  
1 3  1 0 0 0  F O R M A T ( / / / / 5 0 X , 3 H N  = , I 3 / / )  
1 4  4 0 0 0  F O R M A T ( 2 2 X  , l H N f 2 0 X , I H A , 1 6 X , « N O R M .  B E S S .  I N E Q . ' )  
1 5  4 1 0 0  F 0 R M A T ( 4 4 X , 2 H N 0 i  
1 6  4 2 0 0  F 0 R M A T (  •  •  )  
1 7  5 0 0 0  FORMAT(20X » I 3,F25. 7,F25. 7 )  
1 8  6 0 0 0  F O R M A T ! I H l )  
19 I E R T h = 0  
2 0  FI=3.141592653589793 
2 1  P I N 1 8 0 = 1 8 O . J O O / P I  
2 2  C A L L  S T E P  
2 3  C A L L  P A R M  
2 4  C A L L  S U B S  
2 5  C A L L  F C T  
2 6  C A L L  F F ( 8 E S R H S )  
2 7  N M A X = 1 1  
28 K A = N M A X  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
3 6  
3 7  
3 8  
3 9  
4 0  
4 1  
i R N I  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
4 8  
4 9  
5 0  
5 1  
5 2  
5 3  
5 4  
5 5  
K A M 1 = N M A X - 1  
K A D I A G = { K A » K A M l i / 2  
D O  3 0  M = 1 , N M A X  
N C A P P 1 = M  
C A L L  S U B W C W f M )  
C A L L  U M N ( U , M )  
N 0 = M - 1  
W R I T E ! 6 , 1 0 0 0 )  N O  
C A L L  O R T H d J  , W  , C  t D t  G  i R  J ,  A ,  N C A P P 1 ,  K  A ,  K A M I ,  K  A D  I  A G f  S L H S  ,  I E R  )  
I F d E R . E Q . O . A N D . l E R T H . E Q . O )  G O  T O  2 5  
C A L L  E R R O R ( I E R , I E R T H )  
G O  T O  3 0  
W R I T £ ( 6 , 6 C 0 0 )  
U N N U M B E R E D  E X E C U T A B L E  S T A T E M E N T  F O L L O W S  A  T R A N S F E R  
h R I T E ( 6 , 4 0 0 0 )  
k R I T E ( 6 , 4 1 0 0 )  
k R I T E ( o , 4 2 0 0 )  
M 1 = M - 1  
D O  4  K = 1 , M 1  
K K = K - 1  
W R I T E ( 6 , 5 0 û 0 )  K K , A N 0 ( K ) , B E S N ( K )  
4  C O N T I N U E  
1 = 1  
D O  5  K = 6 , M 1  
Z (  I )  =  1 . 0 D 0 / (  1 + 4 )  
B E S N ( I )  = B E S N ( K )  
A N 0 ( I ) = A N 0 ( K )  
1 = 1  +  1  
5  C O N T I N U E  
X S I Z E = 4 . 0 1  
Y S  I Z E  =  2 . 0 1  
X M I N = 0 . 0  
Y M I N = 0 . 0  
X S F = 0 . 0  
Y S F = 0 . 0  
N P T S  =  - ( M l - 5 )  
I S Y M = 1 3  
M 0 D E  =  3  
C A L L  G R A P H  ( N P T S ,  Z , B E S N , I S Y M , M O D E , X S I Z E , Y S I Z E , X S F , X M  I N ,  Y S F , Y M I N ,  
;•» 
C A L L  G R A P H ( N P T S , Z , A N U ,  I S Y M , M G D E , X S I Z E , Y S I Z E , X S F , X M I N , Y S F , Y M I N ,  
; •  )  
X S I Z E = 8 . 0 1  
Y S I Z E = 4 . 0 1  
C A L L  G R A P H  ( N P T S ,  Z , A N O ,  I S Y M ,  M O D E ,  X S  I  Z E ,  Y S  I Z  E ,  X S  F ,  X M  I N ,  Y  S F ,  Y M I  N , .  
;•) 
I S Y M = 0  
M 0 D E = 4  
C A L L  G R A P H ( N P T S , Z , A N 0 , I S Y M , M O D E , X S I Z E , Y S I Z E , X S F , X M I N , Y S F , Y M I N ,  
; '  )  
G O  T O  4 0  
2 5  C A L L  O U T P U T ( A , B E S L H S , B E S R H S , M }  
3 0  C O N T I N U E  
4 0  S T O P  
E N D  
S U B R O U T I N E  S T E P  
I M P L I C I T  R E A L * 8 (  A - H ,  0 - Z )  
C O M M O N  / 3 L K 1 /  I P  
C O M M O N  / B L K 2 /  S L , S U  
8 3  
8 4  
8 5  
86 
8 7  
8 8  
8 9  
9 0  
9 1  
9 2  
9 3  
9 4  
9 5  
9 6  
9 7  
9 8  
9 9  
100 
101 
1 0 2  
1 0 3  
1 0 4  
1 0 5  
106 
1 0 7  
1 0 8  
1 0 9  
1 1 0  
C O M M O N  / B L K /  H , N O I M , N B I S  
C O M M O N  / U M P A R /  P I , R C , R S , R F , B E T A , A A , N S  
P I = 3 . 1 4 1 5 9 2 o 5 3 5 8 9 7 9 3  
R C  =  1 . 0 D 0  
R F = 2 O 0 0 . O D O  
N S  =  3 0  
B E T A = P I / N S  
R S = ( R C * D S I N ( B E T A ) ) / ( 1 . O D O + D S I N ( B E T A ) )  
A A = R C - R S  
S L = 0 . 0 0 0  
S U = B E T A  
I P = : 7  
N D K M = 2 * * I P + 1  
N B I S = N D I M - 1  
H = ( S U - S L > / N B I S  
R E T U R N  
E N D  
C  
C  
C  
S U B R O U T I N E  P A R M  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
C O M M C N  / 3 L K 2 /  S L , S U  
C O M M O N  / B L K /  H , N D I M , N B I S  
C O M M O N  / U M P A R /  P I , R C , R S , R F , B E T A , A A , N S  
1 0 0 0  F O R M A T ( l H l )  
2 0 0 0  F O R M A T ( / / / 4 0 X , ' E L E C T R O S T A T I C  P O T E N C I A L  O F  A  S T R A N D E D  C O N D U C T O R ' )  
3 0 0 0  F O R M A T ( / / 2 0 X C O N D U C T O R  R A D I U S = F 5 . 2 , / / , 2 0 X , ' S T R A N D  R A D I U S = ' , E 1 5 .  
1 8 , / / , 2 0 X , • F A R  R A D I U S  =  '  , F 1 2 . 1 , / / , 2 0 X , ' N U M B E R  O F  S T R A N D S  =  '  , 1 2 )  
4 0 0 0  F O R M A T ( / / l O X ,  
X ' T H E  F O L L O W I N G  V A L U E S  h E R E  U S E D  F O R  T H I S  P R O B L E M  : ' )  
5 0 0 0  F O R M A T ! / 1 5 X , 2 9 F L 0 W E R  B O U N D  O F  T H E  I N T E R V A L  = , D 2 2 . 1 5 )  
5 1 0 0  F O R M A T ! / 1 5 X ,  2 9 H U P P E R  B O U N D  O F  T H E  I N T E R V A L  = , 0 2 2 . 1 5 )  
5 2 0 0  F 0 R M A T ( / 1 5 X ,  
X 4 5 H S T E P  S I Z E  U S E D  I N  T H E  N U M E R I C A L  I N T E G R A T I O N  = ,  0 2 2 . 1 5 )  
5 3 0 0  F 0 R M A T ( / 1 5 X , 3 8 H N U M B E R  O F  B I S E C T I O N S  O F  T H E  I N T E R V A L  = , 1 4 )  
W R I T E ( 6 , 1 0 0 0 )  
W R I T E ( 6 , 2 0 0 0 )  
W R I T E ( 6 , 3 0 0 0 )  R C , R S , R F , N S  
k R I T E ( 6 , 4 0 0 0 )  
k R I T E (  6 , 5 0 0 0 )  S L  
W R I T E ( 6 , 5 1 0 0 )  S U  
W R I T E  ( 6 , 5 2 0 0 )  H  
W R I T E ( 6 , 5 3 0 0 )  N B I S  
R E T U R N  
E N D  
S U B R O U T I N E  S U B S  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
C O M M C N  / B L K 2 /  S L , S U  
C O M M C N  / B L K /  H , N D K M , N B I S  
C O M M O N  / S F U M /  S < 1 2 9 )  
D O  1  J = 1 , N D I M  
1  S ( J ) = S L + ( J - 1 ) * H  
R E T U R N  
E N D  
S U B R O U T I N E  F C T  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
C O M M C N  / B L K /  H , N D I M , N B I S  
C O M M O N  / S F U M /  S (  1 2 9 )  
1 3 6  C C M M C N  / F F F W /  F( 1 2 9 )  
C  
1 3 7  D O  1  J = 1 , N D I M  
1 3 8  1  F ( J ) = 1 . 0 0 0  
C  
1 3 9  R E T U R N  
1 4 0  E N D  
C  
C  
c 
1 4 1  S U G R O U T I N E  F F ( B E S R H S )  
1 4 2  I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
1 4 3  C O M M O N  / B L K /  H , N D I M , N 8 I S  
1 4 4  C O M M O N  / F F F W /  F ( 1 2 9 )  
1 4 5  C O M M O N  / F F W U M N /  Y (  1 2 9 )  , Z  (  1 2 9 )  
C  
1 4 6  D O  1  J  =  1 , N D I M  
1 4 7  1  Y I J ) = F ( J ) * F ( J )  
1 4 8  C A L L  D Q S F ( H , Y , Z , N D I M )  
1 4 9  B E  S R H S  =  Z ( N O I  M )  
C  
1 5 0  R E T U R N  
1 5 1  E N D  
C  
C  
C  
1 5 2  S U B R O U T I N E  S U B W ( W , M )  
1 5 3  I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
1 5 4  C O M M O N  / B L K /  H , N D I M , N B I S  
1 6 5  C O K M C N  / F F F W /  F ( 1 2 9 )  
1 5 6  C O M M O N  / U M W U M N /  U M ( 1 2 9 , 5 0 )  
1 5 7  C G M M C N  / F F W U M N /  Y ( 1 2 9 ) , Z ( 1 2 9 )  
C  
1 5 8  C A L L  U M F C T ( M )  
00 
Ln 
c 
1 5 9  D O  1  J = 1 , N D I M  
1 6 0  1  Y ( J ) = U M ( J f M ) « F i J )  
1 6 1  C A L L  D G S F ( H , Y , Z , N D I M )  
1 6 2  W = Z I N D I M )  
C  
1 6 3  R E T U R N  
1 6 4  E N D  
C  
C  
C  
1 6 5  S U B R O U T I N E  U M N ( U f M )  
1 6 6  I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
1 6 7  D I M E N S I C N  U ( M )  
1 6 8  C O M M O N  / B L K /  H , N D I M , N B I S  
1 6 9  C O M M C N  / U M W U M N /  U M ( 1 2 9 , 5 0 )  
1 7 0  C O M M O N  / F F h U M N /  Y ( 1 2 V ) , Z ( i 2 9 )  
C  
1 7 1  C O  6  N = 1 , M  
C  
1 7 2  D O  1  J = 1 , N D I M  
1 7 3  1  Y ( J ) = U M ( J , M ) * U M ( J , N )  
1 7 4  C A L L  D Q S F ( H , Y , Z , N D I M )  
1 7 5  U ( N )  =  Z ( N D I M )  
C  
1 7 6  6  C O N T I N U E  
1 7 7  R E T U R N  
1 7 8  E N D  
C  
C  
C  
1 7 9  
180 
S U B R O U T I N E  U M F C T ( M )  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z *  
181 
182 
1 8 3  
1 8 4  
1 8 5  
186 
l b ?  
188 
1 8 9  
1 9 0  
1 9 1  
1 9 2  
1 9 3  
1 9 4  
1 9 5  
1 9 6  
1 9 7  
1 9 8  
1 9 9  
200 
201  
202 
2 0 3  
2 0 4  
2 0 5  
C O M M O N  / 3 L K /  H , N D Î M , N B I S  
C O M M C N  / U M P A R /  P  U R C  , R  S t  R F ,  B E T  A ,  A A , N S  
C O M M O N  / S P U N /  S (  1 2 9 »  
C O M M C N  / U M W U M N /  U M ( 1 2 9 , 5 0 )  
C  
M M = M - 1  
C  
I F ( M M . E Û . Û )  G O  T O  1 0  
C  
E X P = M M * P I / B E T A  
E X P N = - E X P  
C  
D O  5  J  =  1 , N D I M  
T H E T A = S ( J )  
F O R = F ( T H E T A ) / R C  
U M ( J , M ) = ( F O R * * E X P N ) * D C C S ( E X P * T H E T A )  
5  C O N T I N U E  
R E T U R N  
C  
1 0  C O N T I N U E  
T T = D L O G ( R C  / R F )  
C O  1 5  J = 1 , N 0 I M  
T H E T A = $ ( J )  
S S = D L O G ( F (  T H E T A ) / R F )  
U M ( J , K ) = S S / T T  
1 5  C O N T I N U E  
R E T U R N  
E N D  
C  
C  
F U N C T I O N  F  ( T H E T A )  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
C O M M C N  / U M P A R /  P I , R C , R S , R F , B E T A , A A , N S  
C C = A A * D C O S ( T H E T A )  
C D = A A * D S I N ( T H E T A )  
2 0 9  E E = D S Q R T < R S * R S - D O * D D )  
2 1 0  F = C C + E E  
2 1 1  R E T U R N  
2 1 2  E N D  
C  
C  
C  
2 1 3  S U B R O U T I N E  O R T H ( U , W , C , C , G , J , A  , N C A P P l , K A , K A M l î K A D I A G , B E S L H S , I E R )  
2 1 4  I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
2 1 5  R E A L * 8  J ( K A O I A G ) , J T E M P  
2 1 6  D I M E N S I O N  U (  K A )  , C { K A M 1  ) , D ( K A )  , G ( K A ) , A ( K A )  
2 1 7  I F ( N C A P P l - l )  1 , 2 , 2  
2 1 8  1  I E R = I  
2 1 9  R E T U R N  
2 2 0  2  I F ( N C A P P 1 - K A J  4 , 4 , 3  
2 2 1  3  I E R  =  2  
2 2 2  R E T U R N  
2 2 3  4  I F ( K A - 1 - K A M l )  5 , 6 , 5  
2 2 4  5  I E R = 3  
2 2 5  R E T U R N  
2 2 6  6  I F ( ( K A * K A M l ) / 2 - K A D I A G )  7 , 8 , 7  
2 2 7  7  I E R = 4  
2 2 8  R E T U R N  
2 2 9  8  C O N T I N U E  
2 3 0  I E R  =  0  
2 3 1  N C A P  =  N C A P P l - 1  
2 3 2  N C A P M l  =  N C A P - 1  
2 3 3  I F f N C A P M l )  1 0 , 2 0 , 3 0  
2 3 4  1 0  C ( l )  =  I K l )  
2 3 5  G (  1 )  =  W  
2 3 6  E  =  G ( l ) / D { l i  
2 3 7  À d J  =  E  
2 3  8  U A N G  =  U ( l )  
2 3 9  C A N G  =  D ( l )  
2 4 0  B E S L H S  =  G *  E *  D A N G  
241  CALL  ANGLES(OESLHS,DANG,UANGfW,1ER)  
2 4 2  R E T U R N  
2 4 3  2 0  C ( 1 )  =  U ( 1 ) / D ( 1 )  
2 4 4  C ( 2 I  =  U ( 2 ) - C ( 1 ) * C ( 1 ) * C ( 1 )  
2 4 5  G ( 2 )  =  W - C ( i ) * G ( 1 )  
2 4 6  E  =  G ( 2 ) / D < 2 )  
2 4 7  J (  1 )  =  C < 1 )  
2 4 8  A (  1 )  =  A ( 1 ) - E * J ( 1 )  
2 4 9  A ( 2 )  =  E  
2 5 0  U A N G  =  U ( 2 )  
2 5 1  C A N G  =  C ( 2 I  
2 5 2  B E S L H S  =  B E S L H S  +  E * E * O A N G  
2 5 3  C A L L  A N G L E S ( B E S L h S , D A N G , U A N G , W , 1 E R )  
2 5 4  R E T U R N  
2 5 5  3 0  C ( 1 )  =  U ( 1 J / D ( 1 )  
2 5 6  N F C R J  =  0  
2 5 7  D O  1 2 C  N  =  2 , N C A P  
2 5 8  C T E M P  =  U ( N )  
2 5 9  N M l  =  N - 1  
2 6 0  D O  1 1 0  N N  =  1 , N M 1  
2 6 1  N F C R J  =  N F O R J + 1  
2 6 2  1 1 0  C T E M P  =  C T E M P - U ( N N ) * J i N F O R J )  
263  120  C(N)  =  CTEMP/D(N)  
2 6 4  D T E M P  =  U ( N C A P P l )  
2 6 5  G T E M P  =  k  
2 6 6  D O  1 4 0  N  =  1 , N C A P  
2 6 7  C T E M P  =  C I N )  
2 6 8  D T E M P  =  D T E M P - C T E M P * C T E M P * D ( N )  
2 6 9  1 4 0  G T E M P  =  G T E M P - C T E M P * G ( N )  
2 7 0  D ( N C A P P l )  =  D T E M P  
2 7 1  G ( N C A P P l )  =  G T E M P  
2 7 2  E  =  G T E M P / D T E M P  
2 7 3  N S T A R T  =  0  
2 7 4  C O  1 8 0  N  =  1 , N C A P M 1  
2 7 5  J T E M P  =  C I N )  
2 7 6  N S T A R T  =  N S T A R T + N  
2 7 ?  N F C R J  =  N S T A R T  
2 7 8  N P l  =  N + 1  
2 7 9  C O  1 7 0  N N  =  N P 1 , N C A P  
2 8 0  J T E M P  =  J T E M P - C ( N N ) * J ( N F O R J )  
2 8 1  1 7 0  N F O R J  =  N F O R J + N N - 1  
282 
2 8 3  
2 8 4  
2 8 5  
286 
2 8 7  
288 
2 8 9  
2 9 0  
2 9 1  
2 9 2  
2 9 3  
180 
C  
C  
C  
J ( N F O R J )  =  J T E M P  
A ( N )  =  A ( N ) - E * J T E M P  
N F O R J  =  N F O R J + 1  
J ( N F C R J )  =  C ( N C A P )  
A ( N C A P )  =  A ( N C A P ) - E * J ( N F O R J )  
A ( N C A P P l )  =  E  
U A N G  =  U ( N C A P P l )  
D A N G  =  D ( N C A P P l )  
B E S L H S  =  f l E S L H S  +  E * E * D A N G  
C A L L  A N G L E S f B E S L H S , D A N G , U A N G , W , 1 E R )  
R E T U R N  
E N D  
vO 
o 
2 9 4  S U B R O U T I N E  A N G L E S ( B E S L H S , D A N G , U A N G , W , I E R )  
2 9 5  I M P L I C I T  R E A L * 8 I  A - H , 0 - Z )  
2 9 6  C O M M O N  / A N G S /  B E S R H S , I E R T H  
2 9 7  C O M M C N  / D E G R A D /  P I N 1 8 0  
2 9 8  1 0 0 0  F G R M A T C  ô E S S E L * ' S  I  N E  G .  :  '  ,  i  P 0 2 2 . 1 5 ,  •  <  • ,  i P 0 2 2 . 1 5 ,  
1  » ,  D I N ) , U ( N , N ) , W ( N )  = • , 1 P 3 D 1 7 . 1 0 )  
2 9 9  2 C C 0  F O R M A T ! '  I E R T H  = ' , I 2 , ' ,  1 E R  = ' , I 2 ,  
IS A N G B E S ,  A N G N E W , A N G T G C  = •  , 0 P 3 F 1 5 . 1 0 )  
3 0 0  W R I T E { 6 , 1 0 0 0 )  B E S L H S , B E S R H S , D A N G , U A N G , W  
3 0 1  l E R T H  =  0  
3 0 2  I F ( B E S L H S . L T . O . D O )  G O  T O  1 0  
3 0 3  I F ( B E S L H S . G T . B E S R H S )  G C  T O  2 0  
3 0 4  A N G B E S  =  O A R C O S ( O S Q R T (  B E S L H S / B E S R H S )  ) * P I N 1 8 0  
3 0 5  Ï F ( D A N G . G T . U A N G )  G O  T O  3 0  
3 0 6  I F ( D A N G . L T . 0 . 0 0 1  G O  T O  4 0  
3 0 7  A N G N E W  =  O A R C O S I D S Q R T (  l . D O - D A N G / U A N G ) ) « P I N 1 8 0  
3 0 6  I F ( U A N G . L T . O . O O )  G O  T O  5 0  
3 0 9  A N G T G O  =  O S Q R T ( B E S R H S * U A N G )  
3 1 0  I F { C A B S ( W ) . G T . A N G T G O )  G O  T O  6 0  
3 1 1  A N G T G O  =  O A R C O S C  W / A N G T G 0 ) * P I N 1 8 0  
3 1 2  G O  T O  7 0  
3 1 3  1 0  l E R T H  =  l E R T H  +  1  
3 1 4  2 0  l E R T H  =  l E R T H  +  1  
3 1 5  3 0  l E R T H  =  l E R T H  +  1  
3 1 6  4 0  l E R T H  =  l E R T H  +  1  
3 1 7  5 0  l E R T H  =  l E R T H  +  1  
3 1 8  6 0  l E R T H  =  l E R T H  f  1  
3 1 9  7 0  W R I T E { 6 , 2 0 0 0 }  l E R T H , 1 E R , A N G B E S , A N G N E W , A N G T G O  
3 2 0  R E T U R N  
3 2 1  
C  
C  1  
E N D  
3 2 2  
C  
C  
S U B R O U T I N E  E R R O R ( I E R , I E R T H )  
3 2 3  1 0 0 0  F O R M A T ( / / / 5 0 X , ' * * * * *  W  A  R  N  I  N  G  * * * * * * )  
3 2 4  I I C O  F O R M A T ( / 1 0 X , « N O  F U R T H E R  C O M P U T A T I O N S  A R E  C A R R I E D  O U T ' )  
3 2 5  1 2 0 0  F O R M A T d O X ,  •  B E Y O N D  T H E  L A S T  V A L U E  O F  N  B E C A U S E  O F  E R R O R S . '  
3 2 6  1 3 C 0  F O R M A T ! / l O X , ' T H E  E R R O R  P A R A M E T E R S  A R E  : ' )  
3 2  7  2 0 0 0  F O R M A T ( / / 3 0 X , 5 H I E R  =  ,  I - 3 ,  3 0 X ,  7 H I  E R T H  = , I 3 )  
3 2 8  W R I T E  ( 6 , 1 0 0 0 )  
3 2 9  W R I T E ( 6 , 1 1 0 0 )  
3 3 0  W R I T E ( 6 , 1 2 0 0 )  
3 3 1  V i R I T E ( 6 ,  1 3 0 0 )  
3 3  2  W R I T E ( 6 , 2 0 0 0 )  I E R , I E R T H  
3 3 3  R E T U R N  
3 3 4  E N D  
3 3 5  
3 3 6  
3 3 7  
3 3 8  
3 3 9  
3 4 0  
3 4 1  
3 4 2  
3 4 3  
3 4 4  
3 4 5  
346  
3 4 7  
3 4 8  
3 4 9  
3 5 0  
3 5 1  
3 5 2  
3 5 3  
3 5 4  
3 5 5  
3 5 6  
3 5 7  
3 5 8  
359  
3 6 0  
3 6 1  
362 
C  
C  
C  
S U B R O U T I N E  O U T P U T  ( A ,  B E  S L  H S ,  B E  S R H S  i  M I  
I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
R E A L * 4  X S I Z E f Y S I Z E , X S F , X M I N , Y S F , Y M I N  
D I M E N S I C N  A ( 5 0 ) , X X ( 6 5 )  
C O M M C N  / S F U M /  S (  1 2 9 )  
C O M M O N  / F F F W /  F ( 1 2 9 )  
C O M M O N  / U M W U M N /  U M (  1 2 9 , 5 0 )  
C O M M O N  / F F W U M N /  Y ( 1 2 9 ) , 2 ( 1 2 9 )  
C O M M C N  / b M P A R /  P I , R C , R S , R F , B E T A , A A , N S  
C Û M M C N  / B L K /  r i , N D I M , N B I S  
C O M M C N  / 6 E S A N 0 /  B E S N  ( 5  0 ) ,  A N C  (  5 0  )  
5 0 0  F O f t M A T { / 2 X , 5 H A « S  , 0 7 0 1 6 . 7 / ( »  ' , 6 X , 0 7 0 1 6 . 7 ) )  
2 0 0 0  F 0 P M A T ( / / 1 1 X , 1 4 H S  -  C O O R D I N A T E , 1 5 X , l O H V A L U E  O F  F , 1 5 X , I 5 H A P P .  V A L U E  
1  O F  F / )  S  
3 0 0 0  F 0 R M A T ( F 2 4 . 6 , F 2 5 . 6 , F 2 7 . 6 )  w  
4 0 0 0  F 0 R M A T ( 2 2 X , L h N , 2 0 X , L H A , l 6 X , ' N 0 R M .  B E S S .  I N E Q . ' )  
4 1 0 0  F 0 R M A T ( 4 4 X , 2 H N 0 )  
4 2 0 0  F O R M A T ( '  • )  
5 0 0 0  F 0 R M A T ( 2 0 X , I 3 , F 2 5 .  7 , F 2 5 . 7 )  
6 0 0 0  F O R M A T ! I H I )  
6 5 0 0  F O R M A T ( 2 5 X , « P O T E N C I A L  C F  A  S T R A N D E D  C O N D U C T O R ' )  
6 6 0 0  F O R M A T t • C O N D U C T O R  R A D I U S = ' , F 5 . 2 , 2 X , ' N U M B E R  O F  S T R A N D S = ' , I  2 , 2 X , • F A R  
1 R A D I U S  =  '  , F 7 . 1 , 2 X , ' N = ' ,  1 2 )  
7 0 0 0  F O P M A T 1 3 D 2 5 . 1 6 )  
P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3  
W R I T E  ( 6 , 5 0 0 )  ( A { K ) , K  =  1 , M )  
B E S N ( M ) = B E  S L H S / B E S R H S  
A N 0 ( M ) = A ( 1 )  
C  
N 0 = M - 1  
I F ( M C D ( N Û , 5 I . E G . 0 . 0 R . N C . E Q . l )  G O  T O  1  
G O  T O  5 0  
3 6 4  1  C O N T I N U E  
3 6 5  X S I Z E = 2 . 0 L  
3 6 6  Y S I Z E = 4 . 0 1  
3 6 1  X M I N = 0 . 0  
3 6 8  Y M I N = 0 . 9 9 5  
3 6 9  X S F = 0 . 5 0 * ( P I / N S )  
3 7 0  Y S F = 0 . 0 0 5  
3 7 1  I S Y M  =  G  
3 7 2  M O D E = A  
3 7 3  X X ( 1 ) = 0 . 0 D C  
3 7 4  X X ( 2 ) = P I / N S  
3 7 5  Z ( l )  = 1 . 0 0 0  
3 7 6  Z ( 2 ) = 1 . 0 0 0  
3 7 7  N P T S = - 2  
C  
3 7  8  C A L L  G R A P H  ( i N  P T  S ,  X X ,  Z ,  I  S Y M ,  M O D E ,  X S I Z E f Y S I Z E ,  X S F , X M X N , Y S F , Y M  I N  t  
; • ) 
c 
3 7 9  1 = 1  
3 8 0  M 3 = 8  
3 8 1  N P T S = N B I S / M 3 + 1  
3 8 2  D O  2  J  =  1 , N D I M , M 3  
3 8 3  Z (  J )  = 0 . 0 0 0  
3 8 4  D O  3  K = 1 , M  j  
3 8 5  3  Z ( J )  =  Z ( J ) + A ( K ) * U M ( I J , K )  
3 8 6  Z ( I ) = Z ( J )  I  
3 8  7  Y ( I ) = F ( J J  
3 8 8  X X ( I ) = S ( J )  
3 8 9  1 = 1 + 1  
3 9 0  2  C O N T I N U E  
3 9 1  W R I T E  ( 6 , 2 0 0 0 )  
3 9 2  W R I T E  ( 6 , 3 Û 0 C )  (  X X (  J  J ,  Y (  J  )  , Z  (  J  J  ,  J  =  1 ,  N P T S  )  
3 9 3  N P T S = - N P T S  
3 9 4  I S Y M = 1  
3 9 5  M 0 0 E = 7  
3 9 6  
r 
C A L L  6 R A P H S ( N P T S , X X , Z ,  I S Y M , M O O E , '  
3 9 7  
V 
C 
I F ( N C . N E . I O )  G O  T O  5 0  
c P U N C H  T H E  V A L U E S  O F  T H E  A ' S  
3 9 8  k R I T E ( 7 , 6 5 0 0 )  
3 9 9  W R I T E ( 7 , 6 6 C 0 ]  R C ; N S , R F ; N O  
4 0 0  
C 
W R I T E ( 7 , 7 0 0 0  )  ( A ( K ) , K = 1 , M )  
4 0 1  W R I T E ( 6 , 6 0  0 0 i  
4 0 2  W R I T E ( 6 , 4 0 0 0 )  
4 0 3  W R I T £ ( 6 , 4 1 0 0 )  
4 0 4  W R I T E ( 6 , 4 2 0 0 )  
4 0 5  D O  8  K = 1 , M  
4 0 6  K K = K - 1  
4 0 7  W R I T E ( ô , 5 0 0 0 )  K K f A N O ( K ) , B E S N ( K »  
4 0 6  
C 
8  C O N T I N U E  
4 0 9  
L  
1  =  1  
4 1 0  D O  9  K = 6 , M  
4 1 1  Z ( I ) = 1 . 0 D 0 / { 1 + 4 )  
4 1 2  B E S N ( I ) = B E S N ( K i  
4 1 3  A N 0 (  I  ) =  A N O  ( K  )  
4 1 4  1  =  1  +  1  
4 1 5  9  C O N T I N U E  
4 1 6  
C  
X S I Z E = 4 . 0 1  
4 1 7  Y S I Z E = 2 . 0 1  
4 1 6  X M I N = 0 . 0  
4 1 9  Y M I N  =  0 . 9 9 9 9 9  
4 2 0  X S F = 0 . 0 5  
4 2 1  Y S F = O . O O Û 0 0 5  
4 2 2  N P T S  =  - ( M - 5  j  
4 2 3  I S Y M = 1 3  
4 2 4  M 0 D £  =  3  
C A L L  G R A P H ( N P T S , Z , B E S N , I S Y M , M O D E , X S I Z E , Y S I Z E , X S F , X M I N , Y S F , Y M I N ,  
« •  ; • )  
Y M I N = 0 . 9 9 7  
Y S F = 0 . 0 0 1  
C A L L  G R A P H ( N P T S , Z , A N O , I S Y M , M O D E , X S I Z E , Y S I Z E , X S F , X M I N , Y S F , Y M I N ,  
* •  ; •  )  
X S I Z E = 8 . 0 l  
Y S I Z E = 4 . 0 1  
X M Ï N = 0 . 0  
Y M I N = 0 . 9 9 7  
X S F = 0 . 0 2 5  
Y S F = 0 . 0 0 0 5  
C A L L  G R A P H ( N P T S , Z , A N O , I S Y M , M O D E , X S I Z E , Y S I Z E , X S F , X M I N , Y S F , Y M I N ,  
* •  ;  •  »  
I S Y M = 0  
M O D E  = 4  
C A L L  G R A P H  ( N P T S ,  Z , A N O ,  I S Y M , M O D E , X S I Z E , Y S I Z E ,  X S F , X M I N ,  Y S F ,  Y M I N ,  
*• ;e , I ; I, • ; i ) 
5 0  C O N T I N U E  
R E T U R N  
E N D  
196 
XII. APPENDIX F2 
************************************************************************************ 
c oj# # e e # 
$ J O B  I 4 2 2 9 P A R E K H , T I M E = 6 0 , P A G E S = 1 0 0  
C  
c 
C  C O M P U T A T I O N  O F  E L E C T R I C  P O T E N C I A L  A N D  F I E L D  A R O U N D  A  S T R A N D E D  
C  C O N D U C T O R  I N S I D E  A  C Y L I N D E R -  B Y  A N A L Y T I C A L  M E T H O D  
C  
C  V 
1  I M P L I C I T  R E A L * 8 ( A - H , 0 - Z )  
'  D I M E N S I O N  A (  1 1 )  f  A L P H A (  I I J  , X 1 I  1 1 )  t Y K  1 1  )  f  T H E T A (  1 1 )  , R (  1 1  )  
D I M E N S I O N  E T ( 1 1 , 1 1 ) , E P ( 1 1 , 1 1 ) , E X P ( 1 0 ) , E X P N ( 1 0 I , B B ( 1 1 , 1 0 ) , C C ( 1 1 , 1 0 »  
D I M E N S I O N  E E ( 1 1 , 1 0 ) , E R F ( 1 1 ) , E T F ( 1 1 ) , E X 1 { 1 1 ) , E Y 1 ( 1 1 ) , E X 2 ( 1 1 )  
D I M E N S I O N  E Y 2 ( .  l l ) , E X 3 l  1 1 )  ,  E Y 3 i  1 1 )  ,  E (  1 1  ) ,  G A M A  { 1 1  )  
D I M E N S I O N  V C ( 1 1 , 1 1 ) , V ( 1 1 ) , F F ( 1 1 , 1 0 )  
2 
3  
4  
5  
6 
C  
C  
7  R E A D ( 5 , 5 )  P C , R F , N  
e  P E A 0 ( 5 , 6 )  P E R  
9  R E A D ( 5 , 7 )  ( A ( K ) , K = 1 , 1 1  )  
1 0  5  F 0 R M A T ( 2 F 2 0 . b , I 2 )  
1 1  6  F Q R M A T ( C 1 5 . 4 )  
1 2  7  F O R M A T *  3 0 2  5 .  1 6 )  
C  
C  «  
C  
1 3  P I = 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3  
1 4  C 1 = R C * D S I N ( P I / N )  
1 5  8 1 = 1 . 0 D 0 + D S I N ( P I / N )  
1 6  R S = C 1 / B 1  
1 7  A A = R C - R S  
C  
C  
C  
1 8  W R I T E ( 6 , 1 Û )  R C , R F , N  
1 9  W R I T E ( 6 , 1 1 )  P E R  
2 0  W R I T E ( 6 , 1 2 )  R S , A A  
2 1  W R I T E t 6 , 1 3 »  ( A ( K » , K = 1 , 1 1 )  
22 .1,0 FORMAK • 1',//, lOX,'CONDUCTOR RADIUS=',F7.4,//,10X,'FAR RADIUS=',F1 
1 0 . 4 » / / , l O X , ' N U M B E R  O F  S T R A N D S  =  ' , I  2 , / / )  
2 3  1 1  F O R M A T ! '  • , I  O X , • P E R M  I T  I V I T T Y  =  • , E l 1 . 4 , / / )  
2 4  1 2  F O R M A T ! '  l O X , ' S T R A N D  R A O I U S = ' , F 9 . 6 , / / » 1 1 X , ' A A = ' » F 9 . 6 , / / »  
2 5  1 3  F 0 R M A T ( 3 D 2 5 . 1 6 1  
C  
C  
C  C O M P U T E  C O O R D I N A T E S  O F  P O I N T S  O N  C O N D U C T O R  S U R F A C E  
C  
c 
2 6  0 E T A = O A R S I N ( R S / A A )  
2 7  P H I  =  B E T A  +  (  P I / 2 . . Û D 0 )  
2 8  P H I L = P H I / 1 C . 0 D G  
C  
2 9  C O  1 5  K = l , l l  
3 0  1 5  A L P H A  ( K ) = ( K - 1 )  * P H I L  g  
3 1  D O  2 0  K = l , 1 1  
3 2  X I  { K ) = A A  +  (  R S * D C O S <  A L P H A !  K )  )  )  
3 3  2 0  Y 1 ( K ) = R S * D S I N ( A L P H A ( K )  )  
C  
3 4  C O  2 5  K = l , 1 1  
3 5  T H E T A ( K ) = D A T A N 2 ( Y 1 ( K ) , X 1 ( K ) )  
3 6  2 5  R ( K ) = D S Q R T ( X 1 < K ) * X 1 { K ) + Y 1 ( K ) * Y 1 ( K J )  
C  
c 
C  C O M P U T E  R A C I A L  F I E L D  A N D  F I E L D  I N  T H E T A  D I R E C T I O N  
C  
C  
3 7  D D = D L G G ( R C / R F )  
3 8  K = 1  
3 9  C O  3 0  J = l , 1 1  
4 0  V C I J , K i = A ( 1 ) * 0 L 0 G ( R ( J ) / R F ) / O O  
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E Y K  J )  =  E R F l J ) * D S I N t T H E T A {  J ) )  
E X 2 (JI= E T F ( J ) * O S I N ( T H E T A ( J ) »  
E Y 2 ( J ) = E T F ( J ) * D C O S ( T H E T A ( J ) )  
E X 3 ( J J = E X 1 ( J ) - E X 2 ( J )  
E Y 3 1 J i  =  E Y l ( J )  +  E Y 2 (  J )  
E ( J } = D S Q R T ( E X 3 ( J ) * E X 3 ( J ) + E Y 3 ( J ) « E Y 3 ( J ) )  
7 C  G A M A ( J ) = < 1 8 0 . 0 D 0 / P I ) * D A T A N 2 ( E Y 3 ( J ) , E X 3 ( J ) )  
W R I T E ( 6 , 8 û ) ( V ( J ) , E X 3 ( J  ) , E Y 3 ( J ) , E ( J ) , G A M A < J  I , J = 1 ,  1 1 )  
8 0  F Q R M A T C •  • , 5 F 2 0 . 6 )  
S T O P  
E N D  
$  E N  T R Y  
Is) 
O 
o 
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XIII. APPENDIX G 
202 
RC 
V = 1 
V = 0 
RC 
V = 0 GROUND PLANE 
/777777777T77777^  
(b) 
Figure 13.1. Equivalent configurations of transmission lines. 
(a) Conductor inside a cylinder. 
(b) Conductor above ground plane. 
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Electric field at any point P on the conductor surface of Figure 
13.1 (a) is given by (36) 
" RC ln(RF/RC) 
Maximum electric field at point P' on the conductor surface of 
Figure 13.1 (b) is given by (36) 
E = i 13.2 
RC ln(2H/RC) 
It can be shown that the ratio of electric field at P" to that at 
point P' is given by 
'"P" k - 1 13.3 
Ept k + 1 
where 
k = H/RC 13.4 
For very high values of k, Ep« %Ep„ . 
Comparing equations 13.1 and 13.2, Ep = Ept when 
RF = 2H 13.5 
